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Editor: Damià BarcelóAuthorities around the world have committed to limiting the use of chemical pesticides by reducing doses,
among other strategies. Nevertheless, different dose expression models and decision support systems (DSSs)
for dose adjustment coexist for high growing crops (3D crops). Among them, leaf wall area (LWA) and tree
row volume (TRV) models have recently been proposed by the European and Mediterranean Plant Protection
Organization (EPPO) for pre-registration trials. In this paper, the background and technical bases of six dose
adjustment DSSs in fruit crops (PACE, AGMET, DOSA3D, OMAX and PULVARBO) and four in grape orchards
(AGMET, OPTIDOSE, DOSAVIÑA and DOSA3D) are described and compared. The discussion leads to the conclu-
sion that LWA and TRV represents a substantial improvement compared to the former crop ground area-based
dose expression model. However, total leaf area is the most important parameter for dose adjustment, while
sprayer efficiency is also a key factor. Additionally, it is suggested that deposition on leaves (mean values and
variability) should be reported in pesticide efficacy evaluations in order to establish the required doses indepen-
dently from the dose expressionmode. The DOSA3D system, based on leaf area index estimation,was found to be
the most conservative DSS regarding the spraying volume ratio to TRV because low spraying efficiencies are
considered. Instead, AGMET was found to be the most effective for dose adjustment. However, despite the
differences between the recommendations, all the analysed DSSs are useful tools for rational decision making
about spraying volume rate and pesticide doses at national level. Their use should be promoted by the competent
authorities.
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In 2019, nearly 55 Mha of 3D crops, including deciduous fruits,
grapes, nuts, almonds, citrus and olives were under cultivation world-
wide (FAO, 2021a), with 12 Mha corresponding to Europe (EU-28)
and the vast majority (91%) in the European Southern Zone (ESZ) (EC,
2009a, 2009b). This area included 39%, 69% and 86% of the total
European area of pome fruits, stone fruits and grapes, respectively and
100% of the total area of almonds, citrus and olives (Eurostat, 2021a).
In this scenario, for productive reasons, these 3D crops are usually
trained to have a wider and, frequently, higher canopy than is usual in
the European Northern and Central Zones (ENZ and ECZ) (EC, 2009a,
2009b).
At the global level, total pesticides traded worldwide amounted to
around 5.8 Mt in 2018 (FAO, 2021b). In Europe (EU-27), mean sales of
fungicides and bactericides in the last four years for which data are
available (2016-2019) were 154.7 Mkg, and 40.3 Mkg, with France,
Spain, Italy, Germany, and Poland the main European countries con-
suming pesticides (Eurostat, 2021b).
Nevertheless, the yearly figures for the consumption of pesticides
probably hide the real evolution of the chemical pressure and their asso-
ciated risks because the dose of active ingredients (a.i.) is progressively
decreasing. Indicators other than those related to mass consumption
allow a better understanding of the real situation. By way of example,
the European Harmonised Risk Indicator 1 (HRI 1) measures the use
and risk to human health and the environment from pesticides in the
EU-28. The HRI 1 indicator shows a 17% risk reduction in the period
2011-2018 (EC, 2020a).
The use of pesticides is associated worldwide with non-negligible,
human and environmental risks. For this reason, both the Sustainable
Use of Pesticides Directive 2009/128/EC (SUD) (EC, 2009c) and the con-
sequent national legislation of European states advocate for the reduc-
tion of the amount of pesticides consumed in agriculture. As stated in
point 6 of Annex 3 of the aforementioned Directive: “The professional
user should keep the use of pesticides to levels that are necessary, e.g.2
by, reduced doses, reduced application frequency or partial applications,
considering that the level of risk in vegetation is acceptable and they do
not increase the risk for development of resistance in populations of
harmful organisms”.
In accordance with the stipulations of Regulation 1107/2009 (EC,
2009a), the requirements for the authorization of newactive substances
and the periodic renewal of those already authorized are becoming
more and more restrictive.
A similar approach exists in other world regions with a common
concern for the safe use of pesticides. Nowadays, sustainability, riskmit-
igation and cost reduction constitute theprinciples of agricultureworld-
wide. However, despite the progressive irruption of biopesticides
(pesticides containing biological active substances), the current level
of agricultural productivity cannot be maintained without the use of
conventional synthetic pesticides. This fact is proven every year, espe-
cially if environmental conditions increase the pressure due to harmful
organisms. The hypothetical economic loss and negative impact on food
security if chemical crop protection measures are not implemented has
been reported by Damalas (2016), EPRS (2019) and Nishimoto (2019),
among others.
More recently, the European Commission has committed to reduc-
ing the overall use and risk of chemical pesticides by 50% and the use
ofmore hazardous pesticides by 50% by2030. These are plant protection
products (PPP) containing active substances that meet the cut-off
criteria or are identified as candidates for substitution, as set out in Reg-
ulation (EC) 1107/2009. This decision forms part of the Farm to Fork
strategy launched by the European Commission as a specific action of
the European Green Deal (EC, 2020b). A revision is underway of the
SUDwith the aim of improving its provisions with respect to Integrated
Pest Management (IPM) and promoting the greater use of safe alterna-
tive ways of protecting harvests from pests and diseases, including the
prioritisation of low risk pesticides and biopesticides.
In this context, the current version of the EPPO standard that re-
cently came into force, PP 1/239(3) (EPPO, 2021), clearly states the dif-
ference between dose expression (how the dose of pesticides should be
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circumstances). These issues are addressed in Sections 2 and 3 of this
paper, respectively.
The objectives of this paper are to summarize the research carried
out on the coexisting dose expressionmodels and dose adjustment sys-
tems and, as far as we know, for the first time, to compare them for the
adjustment of doses in hedgerow- or trellis-trained intensive fruit and
grapevine orchards.
Citrus orchards are not considered in this paper. In the initial period,
the canopies of this 3D crop are globular-shaped, but over the years, in
high-density orchards, become closer along the row forming a nearly
continuouswall without significant gaps between the trees. In this situ-
ation, the rows could be sprayed continuously as is usual in fruit hedge-
rows. However, in low-traditional density orchards, spherical or
globular-shaped orchards will remain in particular areas and require a
specific approach for dose expression and adjustment (Garcerá et al.,
2017; Miranda-Fuentes et al., 2016; Planas et al., 2019). Recently, the
dose expression models adopted in globular-shaped crops and wall
crops (addressed in this article) have been extensively reviewed by
Garcerá et al. (2021).
2. Dose expression models
For field crops, the target is usually considered as roughly two-
dimensional (2D) and the dose is expressed in kg or L of formulated
product per unit of crop ground area and no changes are expected in
the short term.
In 3D crops, concentration or crop ground area dose (kg or L ha-1)
expression models continue to appear on the labels of a significant
number of formulated products, even though it is largely accepted
that these expressions are no longer sufficient because they do not re-
late to the crop dimensions (Hislop, 1987; Walklate et al., 2003; EPPO,
2012b; EPPO, 2016; EPPO, 2021).
In order to understand the possibility of adapting the applied dose
rate, Koch and Weisser (1995) suggested changing the expression
models referring to the sprayed areawith a view to optimizing pesticide
leaf deposition. In the same direction, the EPPO ad hoc panel on Expres-
sion of Dose pointed out that the ideal method to express the dose rate
should take into account the total leaf area (LA) (EPPO, 2001).
Over the last few decades, the majority of pome fruit orchards and
vineyards have been transformed to wall crops (trellis or hedgerow
shapes) because of their agronomic advantages. Other tree crops, in-
cluding olives, stone fruits and almonds, are also being adapted to the
hedgerow shape. In these regular-shaped orchards, the canopy height
(CH: distance from the lowest leaves to the tree top) and mid-width
of the crown (distance between outer leaves at the middle of the CH)
are consistently used to adapt spraying volume and dose rates to the
specific scenario. However, nowadays different models for dose expres-
sion coexist: pesticide mass or volume unit (kg or L) associated to a cer-
tain reference unit such as crop ground area, spray volume
(concentration), CH, leaf wall area (LWA), tree row volume (TRV) or
plant row (Codis et al., 2012; Doruchowski, 2017; Rüegg et al., 2001)
and are officially accepted for registration and dose recommendation
purposes on product labels.
The necessity to harmonize the expression of dose rate in order to
allow the free exchange of data between countries has been expressed
by EPPO (2001) and supported by Friessleben et al. (2007), Koch
(2007) and Planas (2002), among others. At national level, official infor-
mation on doses is the responsibility of the national authorities, but rel-
evant questions on conversion between dose expression models and
information to be labelled remain.
2.1. Tree row volume model
The TRV model assumes that canopy width is as relevant a parame-
ter as CH to determine volume rates and optimal doses. This model was3
first described byByers et al. (1971) from theUS, and corresponds to the
cubic volume of the tree rows per crop ground area. It is calculated ac-





where TRV is tree row volume expressed as m3 ha-1, w is mid-width of
the canopy (m), h is the CH (m) and r is the row spacing (m).
Byers et al. (1971) established the liquid volume ratio for spraying
intensive fruit orchards in 0.093 L m-3 of TRV, coinciding with the
point of runoff. This ratio was later confirmed by the same author
(Byers, 1987). Herrera-Aguirre and Unrath (1980) proposed the ratio
0.116 L m-3 in the case of spraying apple trees with ethephon (growth
regulator) applications.
In New Zealand, Manktelow and Praat (1997) validated the TRV
model in Granny Smith and Red Chief apple orchards and suggested ra-
tios above 0.093 Lm-3 in large dimension trees (TRV> 23,000m3 ha-1).
They suggested a more accurate measure of canopy width to calculate
the TRV value by considering stratified height intervals of 0.5 m in
order to provide more representative estimates of actual canopy row-
end profiles than the mid-crown and lower crown widths.
In Europe, Siegfried et al. (1995) advocated the TRV model to adjust
dosage and volume and also to harmonize registration protocols for
pesticides for both pomeand stone fruits. In pome fruit orchards, the au-
thors established the expression [L ha-1 = (0.02 * TRV) + 200] for
spraying volume rate (SVR) calculation. Meanwhile, Doruchowski
et al. (1996) recommended TRV as a reliable method for adjusting SVR
to canopy tree dimensions.
In stone fruits, Rüegg et al. (1999) reported that TRV shows good lin-
ear correlations (R2 = 0.95 for TRV < 17,000 m3 ha-1 and R2 = 0.79 for
TRV > 17,000 m3 ha-1) with the leaf area index (LAI), defined as the
one-sided leaf area per unit crop ground surface (m2m-2). They showed
that also the LAI correlates well with normalized leaf deposits (R2 =
0.84, logarithmic for TRV < 17,000 m3 ha-1 and R2 = 0.92, logarithmic
for TRV > 17,000 m3 ha-1). The maximum width of the crown is taken
into account facilitate the TRV calculation in stone fruits (Rüegg and
Viret, 1999).
In apple orchards, Rüegg et al. (2001) also found that LAI correlates
well with normalized leaf deposits (R2 = 0.88, logarithmic). They com-
pared the fruit tree CH model, in use at that time in Germany, the sur-
face orchard (SO) model a particular expression of the LWA model,
adopted at the time in Belgium, and the TRV model which had already
been introduced in Switzerland. Ultimately, they advocated use of the
TRV model as it correlated well (R2 = 0.81, linear, in 101 trials) with
the LAI, whereas CH alone showed a poor correlation with LAI (R2 =
0.60, linear, in 101 trials).
Also in grapevine orchards, Viret et al. (2005b) determined the cor-
relation between the TRV and the LAI (R2 = 0.81) throughout the sea-
son regardless of variety, year or training system. Similarly, Siegfried
et al. (2007) found that the TRV correlates well with the LAI in this
crop (R2 = 0.89, potential). Finally, in fruits and vineyards, Planas
et al. (2016) reported a well correlation (R2 = 0.68, linear). Thus, TRV
can be used as a LAI estimator.
In this sense, Siegfried et al. (2007) adjusted doses in vineyards
through TRV and realized that leaf deposits depend on vine foliage
growth, which are twice as high at initial stages (6 ng cm-2 for 1 g of
tracer ha-1; LAI = 0.5) than at full-leaf stage (3 ng cm-2 for 1 g of tracer
ha-1; LAI = 1.5), stating that dosage dependency on the LAI allowed
more constant deposition throughout the season. And Viret et al.
(2007) reported that adjusted dose to the TRV, as estimator of the LAI,
or to the growth stage, gave similar results to the recommended dose
when controlling downy mildew (Plasmopara viticola (Berk. & Curt.)
Berl. & de Toni) and powdery mildew (Erysiphe necator (Schw.)). The
authors stated that themost relevant dose adaptation should be carried
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2001).
Following five additional years of trials, no significant differences
were found by Viret et al. (2010) in the control of downy and powdery
mildews between recommended and adjusted doses. For this 5-year pe-
riod, 20% of the product was saved on average and these authors con-
cluded that adapting the dosage of fungicides to the actual leaf surface
area is a valuable and rigorous way to reduce the amount of product
used, while ensuring effective protection.
The TRV model was proposed for dose expression (Rüegg et al.,
2001) and the harmonization of registration trials (Siegfried et al.,
2007) and is currently accepted by the Swiss authorities for dose ex-
pression. A canopy volume of 10,000 m3 ha-1 is assumed as the refer-
ence for dose adjustment in pome fruits.
Very recently, the TRV model has been accepted for efficacy trials
(EPPO, 2021), being recommended when canopy width is a relevant
component of the canopy volume.
2.2. Leaf wall area model
The LWA is a particular case of the TRVmodel assuming that canopy
width is non-varying or non-influencing at a significant level. This
model was studied by Koch and Weisser (1995), who suggested that
liquid volume and product dose rates should be related to the treated
area defined by the virtual plane which the spray passes through and
calculated as follows (Eq. (2)):




where LWA is the leaf wall area expressed as m2 ha-1, h is the CH
(m) and r is the row spacing (m).
Weisser and Koch (2002) also suggested using the CH to express the
dose from early field evaluation to label instructions.
However, Rüegg et al. (2001) demonstrated that the LWAmodel has
a weak correlation with the LAI. And Planas et al. (2016) also found a
low correlation in fruit and grapevine orchards (R2 = 0.48, linear).
Regarding on-target (in-canopy) deposition, Koch (2005, 2007)
found a linear correlation between the dose delivered per 10,000 m-2
treated LWA and the deposits on fruit trees and grapevine leaves.
While Pergher and Petris (2008), using the LWA model, verified in
vines that LWA-adjusted deposits were nearly independent of the LAI
(R2= 0.05) andmuch less variable than the fixed-dose per unit ground
area deposits (R2=0.80). In the absence of biological efficacy confirma-
tion, dose rate reductions of between 8% and 58% (29% on average)
could be expected when compared to using a fixed dose. Duga et al.
(2015a) observed that canopy width plays a role in efficient deposition
in pome fruit trees and that tree volume affects overall on-target depo-
sition.
Cross andWalklate (2008), Walklate et al. (2011) andWalklate and
Cross (2012) demonstrated that the LWA dose rate requires significant
adjustment tomaintain efficient use across a wide range of target struc-
tures and that there was a need for additional information when using
the LWAmethod for pesticide registration. For this reason, they argued
that the LWA should not be used to calculate themaximumground area
dose rate (for comparison purposes with the regulatory limits on the
environmental fate of pesticides).
At a practical level, the LWA seems too simplified to express the
complexity of canopy architecture when width is non-negligible and
leafiness is a determining factor for on-target deposition. Leafiness is
usually understood as the complementary of porosity. In the current sit-
uation for intensive fruit and grapevine orchards, mid-crownwidth can
reach values higher than 2.0 m and over 1.5 m, respectively. Porosity
ranges from practically 1 (when sprouting) to near 0 (at full leaf
stage). This is particularly the case in the ESZ, where end users and4
advisers are reluctant to use the LWA model because it proposes the
same dose for any canopy width or leafiness.
Anyway, the LWA model was subsequently proposed as a common
dose expression model by the chemical industry (Toews and
Friessleben, 2012; Wohlhauser, 2011) and as the harmonized expres-
sion for efficacy evaluation in pome fruit, grapevine and high-growing
vegetables by EPPO (2016, 2021) for mutual recognition. Kral et al.
(2019) more recently argued that dosage should foliage-dependent
and users should decide according to the canopywall area and proposed
rules to facilitate adaptation to the LWAmodel for end users. Thismodel
has been adopted for zonal assessment in pre-registration trials in the
ECZ (CZSC, 2017). TheGerman authoritiesmade this agreementmanda-
tory by January 2020 (BVL, 2018). At this moment, Austria, Germany
and Belgium, all in the ECZ, have registered pesticides whose dose is
expressed in the LWA model.
2.3. Leaf area index model
Pesticide application researchers and specialists generally agree
that the dose of pesticides should ideally be linked with the LA (m2)
or leaf density (m2 m-3) present on the day of application. In this
sense, Hislop (1987) stated that the dose expressed in kg or L per crop
ground area is inappropriate due to the different forms of the crops
and added that the dose should be increased at a constant concentration
by increasing the SVR as crop LAI increases. Other authors have
backed up this statement, proposing dose dependence on the LAI
(Siegfried et al., 2007; EPPO, 2001; Planas et al., 2016). And Garcerá
et al. (2021) concluded that leaf density, expressed by the LAI, is the
most important factor that must be taken into account in all cases,
despite the dose expression model. Based on this evidence, it can be
suggested that pesticide doses might be adjusted to the LAI of the
orchard to be treated.
In 2002,Walklate et al. demonstrated the relative potential for vary-
ing the pesticide application rate according to different crop parame-
ters: LWA, TRV and tree area density (TAD). The TAD was defined by
Walklate et al. (2000) and calculated through light detection and rang-
ing (LiDAR) measurements, but can be easily estimated using picto-
grams reconstructed from LiDAR-measured images (Walklate et al.,
2002). The TAD deposition model represents a simplified expression
of the LAI model which considers row width as irrelevant. The authors
concluded by suggesting use of the TAD method as a deposition model
that can be linked to different crop structure scaling parameters because
it gives significant improvements over the TRV and LWA methods.
Until recently, the determination of LAI in 3D cropswas a high time-
consuming task that was very difficult to attempt using direct methods
(Jonckheere et al., 2004). However, the emergence LiDAR sensors has
meant a remarkable advance in this respect. Before, the LIDARmethod-
ology was only available on an experimental scale (Sanz et al., 2005;
Walklate et al., 2002).
In Spain, important LiDAR-basedworkshave been carried out in fruit
orchards and vineyards (Escolà et al., 2012; Planas et al., 2013; Rosell-
Polo et al., 2009a, 2009b; Sanz et al., 2011, 2013). In particular, Sanz
et al. (2018) carried out a series of LiDAR field measurements compris-
ing over 17 pear, 14 apple and 26 vine orchards at different growth
stages and provided the basis for developing a simple, quick and accu-
rate non-LIDAR system to estimate in-situ the LA. The authors concluded
that the height variable does not explain well the LA and, consequently,
that CH cannot be used alone to estimate the surface to be covered by
spraying treatments. These authors proposed using a combination of
height, maximum width and visual estimation of the ratio between
the surface of the front visible gaps to the total canopy wall surface (po-
rosity) for LA estimation. For the assessment of this last variable, it was
suggested to use a pictogram-based model. The results obtained with
this simplified method are consistent with those obtained with LiDAR-
based methods. This procedure has made it possible to build a new
model for accurate and easy in-situ LA estimation from the canopy
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(Section 4.5).
2.4. LAI and growth stage
Siegfried et al. (2007) studied over 7 vineyards located in different
regions of Switzerland andGermanywhere themain growth always oc-
curred during flowering (BBCH scale 62-63) and found that LAI reached
maximum values (1.2 to 2.3) depending on canopy management and
cultivar.
In deciduous tree crops, the growth stage also correlates well with
leaf density according to Holterman et al. (2016), Rinaldi et al. (2013)
and Solanelles et al. (2013). In Spain, in 2020, the authors of this
paper carried out additional LAI determinations by defoliation in irri-
gated vineyards throughout the season. In Daramezas (Castilla La
Mancha) in a vineyard conducted as a single high-wire sprawling sys-
tem, at BBCH stages 53-61 (pre-blossom to initiation of flowering),
the LAI reached values ranging from 1.2 to 1.7 and, at BBCH stages 75-
83 (pea-sized berries to berry colour development), from 1.7 to 3.1.
Also in Raïmat (Catalunya), values at BBCH stages 55-57 (during the
emergence of inflorescense) were determined ranging from 0.4 to 0.6
and at BBCH 75-83 from 1.0 to 1.8 in vineyards conducted as a trellised
system. Regarding pome fruit orchards, the LAI has been determined in
Gimenells (Catalunya) at BBCH stages 71-75 (from fruit size up to
10 mm to fruit about half final size) with ranges from 2.3 to 2.9, and
at BBCH 76-89 (from fruit about 60% final size to fruit ripe for consump-
tion) with ranges from 2.6 to 4.0. All these works have opened up the
opportunity for LAI estimation considering the canopy dimensions and
adjusting for growth stage. This useful methodology has been imple-
mented in the DSS DOSA3D, as is reported in Section 4.5.
3. Dose adjustment
Hislop (1987) defined the optimum pesticide deposition in general
terms as the application of a biologically effective dose on a target
with maximum safety and economy. Hall (1991) spoke about the rising
concern about pesticide pollution, the development of resistance to pes-
ticides, the increased cost of pesticides, as well as advances in low vol-
ume spraying and IPM, when highlighting the importance of applying
the correct amount of pesticide on the foliar target.
Weisser and Koch (2002) found that the delivered dose rate per
10,000 m2 sprayed area and the retained and resultant dose on the tar-
get are quite different and stated that the deposit on a leaf is the effec-
tive dose on this leaf, but the biologically appropriate dose needed on
the individual leaf is not known, and concluded that the most relevant
parameter for any effect of the delivered chemical quantity, including
biological efficacy, residue or side effects, is the initial deposit on the tar-
get. The authors reported how users must know what chemical dose
rate should be applied to a unit crop to comply with the principles of
good agricultural practices (GAP).
Additionally, the adjusted doses allow lower pesticide residues in
food, not only in compliance with Regulation 396/2005 (EC, 2005),
but also to satisfy specific higher requirements of the food distribution
and retail companies.
According to that, spraying pesticides at adjusted doses is becoming
the norm for economic, health and environmental reasons. In practical
terms, dose adjustment can be understood as a result of the adaption
of the labelled dose to the specific conditions of the scenario of the treat-
ment (crop dimensions, leafiness, the pests to be controlled and
spraying equipment performance).
3.1. Minimum effective dose
A minimum limit has to be considered when adjusting dose. In this
sense, Siegfried et al. (2007) and Walklate and Cross (2013) warned
that a minimum deposit is required to maintain leaf deposition and5
not compromise efficacy when dose is reduced. The EPPO defined the
minimum effective dose (MED) of a pesticide as that which is necessary
to achieve sufficient efficacy (effectiveness) against a target pest across
the broad range of situations in which the product will be applied
(EPPO, 2012a).
3.2. Dose adjustment to the leaf target
The initial research in this field was carried out by Travis (1981),
who studied the relationships between tree volume and deposition on
leaves and showed that in pruned apple orchards spray deposition
was higher and more uniform than in non-pruned orchards. Dose ad-
justment was also addressed by Sutton and Unrath (1984) and
(Sutton and Unrath, 1988). They considered that the recommended
product concentration was sufficiently effective and that the SVR ad-
justment to the TRV and leafiness (canopy density) provided consistent
deposits in terms of uniformity. The study was carried out in different
apple orchards with three pruning levels; SVR was adapted to the TRV
(0.133 L m-3) and adjusted by applying a correction factor of between
0.7 and 1.0 depending on foliar density. The authors showed that
adjusting doses achieved similar deposits among the studied scenarios.
Later, the same authors, in 1988, found that deposits at the tight cluster
stage were 1.2-2.0 times greater than leaf deposits achieved on the same
canopies at full-leaf stage, and Hall (1991) demonstrated that average
spraydeposits increased in intensive-shaped (trellis) fruit orchards andar-
gued that tree height, planting distance, tree shape, growth (and seasonal)
patterns, and the expertise of the operator to match the application with
the target geometry, were all vital factors for determining the efficiency
(on-target recovery) of the spray application process.
Koch and Weisser (1995) and Weisser and Koch (2002) found that
mean leaf deposits in apple orchards were proportional to the total
dose applied and showed a broad variability with a coefficient of varia-
tion (CV) from40 to 80% and a factor of 12 to 15 between the lowest and
highest leaf deposits. They stressed the importance of their findings in
terms of biological efficacy, the effects on beneficial organisms, the de-
velopment of resistances, and the level of residues. Solanelles et al.
(2004) showed how deposits clearly tended to reduce as TRV increased
for any SVR. The study was made in apple and pear orchards at early
growth and full-leaf stages using three SVR (400, 800 and 1600 L ha-1).
Dose adjustment in grapevine orchardswas initially addressed byViret
et al. (1999) who proposed a system for dose adjustment from the regis-
tered standard dose by a factorwhose value is equal to 1.00 for a reference
orchard (TRV=10,000m3 ha-1, CH=2.00m, crownwidth=2.00mand
row distance = 4.00 m). Subsequently, Viret et al. (2005a, 2005b)
established a curve-type LAI throughout the season and demonstrated
that an important reduction in fungicide active ingredients could be ob-
tainedwith adapted dosage until bloomand, over thewhole spraying pro-
gram, calculated that this reduction could be as high as 20-35% under
practical conditions, depending on year and plots.
Walklate et al. (2011) characterized different fruit orchards and
vineyards using a LiDAR system in the UK and Italy and argued that
dose should have an adjustment range for leaf density. In fact, LWA
dose adjustment to target leafiness compared to applied doses based
solely on LWA allowed a 17% reduction in pesticide use (Walklate and
Cross, 2012). Finally, these authors emphasized the importance of char-
acterizing the vegetationwith LiDARmeasurements in the efficacy trials
of products in order to be able to adjust the dose to different scenarios
(Walklate and Cross, 2013).
In accordance with the above information, it can be concluded that
LAI is the most rational parameter for dose expression from the point
of view of efficacy.
3.3. Sprayer type and setting parameters
It is well known that a perfect distribution and targeting of the pes-
ticide product allows significant reductions in dose rate (Russell, 2004).
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analysed in numerous research works comparing the performance
and efficiency of different sprayer types for pome fruit and grapevine or-
chards.
In fruit orchards, new air blast sprayers with vertical deflectors and
cross-flow sprayers, adapted to the tree-row geometry, have been in-
corporated for more than two decades. This allowed a considerable re-
duction of applied volume rates and losses, as well as improved on-
target deposit uniformity and, consequently, the possibility of decreas-
ing doses. Doruchowski et al. (1996) showed how cross-flow sprayers
enabled an important reduction of pesticide doses. Heijne and
Porskamp (1996) explored the possibilities of dose reduction by using
cross-flow and recycling tunnels sprayers to control apple scab and
powdery mildew in apple orchards.
The development of recycling tunnel sprayer has been oneof themost
promising advances in spraying technology. This type of sprayer collects
the overspray in vertical panels and return the liquid to the main tank.
Studies indicate that, they improve the coverage and uniformity and con-
siderably reduce the total applied dose per crop ground area.
Holownicki et al. (1996) reported satisfactory efficacy in the control
of apple scab (Venturia inaequalis Cooke (Wint.)) by applying treat-
ments at reduced doses with conventional and tunnel sprayers.
Recycling tunnel sprayers have been also reported to be very high
performing and environmentally safe equipment and after testing
gave very good results in pome fruits (Balsari and Tamagnone, 1996;
Doruchowski and Holownicki, 2000; Planas et al., 2002). In peach
orchards, Ade et al. (2007) recovered about 20-30% of the sprayed liquid
using tunnel sprayers, and Jamar et al. (2010) achieved dose reductions
which ranged from 38% to 22% over the course of the growing season.
More recently, Tadić et al. (2014) reported dose reductions using di-
rected spouts (individual outlets) fitted to a radial fan. Duga et al.
(2015b) observed that cross-flow and directed spout sprayers resulted
in higher in-canopy deposition than conventional sprayers (air-blast),
and Wenneker et al. (2014, 2017 and 2018) concluded that the effi-
ciency of multiple row sprayers, including recycling tunnel sprayers,
was higher than that of conventional types.
In grapevine orchards, Viret et al. (2003) found that recycling tunnel
sprayers achieved higher deposits at early (BBCH 14) and full-leaf stage
(BBCH 77), with similar efficacy for the control of powderymildew and
a better prevention of drift in comparison to conventional air-assisted
sprayers. These results are in agreement with Tamagnone et al.
(2013), who also obtained an increase of 18-30% in leaf deposition
with respect to a conventional air-assisted sprayer and to a multi-row
sprayer. In this case, the tunnel sprayer allowed a dose reduction of
40-60% with similar disease control. Viret et al. (2005b) obtained a de-
position at least 2.5 times greater when spraying with a recycling
sprayer in comparison to standard sprayers. Pergher and Zucchiatti
(2018) also analysed deposits from treatments with a recycling tunnel
sprayer over the course of a whole season for LAI values ranging from
0.15 to 1.60, and found that the on-target recovery rate increased
from 14.8% to 53.9%, while liquid recovered to the sprayer tank ranged
from 67.2% to 31.0% (from early to full-leaf stages). Finally, in vineyards,
in recent years, the authors of thepresent paper have also demonstrated
the high performance of a large-scale recycling tunnel sprayer working
in vineyards, with spraying efficiency of around 75% being attained at
full-leaf stages (unpublished).
As for sprayer settings, a well-adjusted sprayer will allow improve-
ments in treatment quality. Air flow direction and fan speed should
also be taken into account to benefit deposition on both sides of the
leaves and thus to improve efficacy (Cross et al., 2001; Pezzi and
Rondelli, 2000). Finally, the experimentation with a recycling tunnel
sprayer carried out by Carra et al. (2017) showed that increasing for-
ward speed did not cause a decrease in mean foliar spray deposition
when spraying vines.
The influence of the SVR and dose adjustment on biological efficacy
have also been studied by different authors in fruit orchards (Antonin6
and Fellay, 1976; Fillat and Planas, 1989; Wicks and Nitschke, 1986).
In this regard, Sedlar et al. (2013) found that a reduced application
rate of 381 L ha-1 gave the same quality of crop protection as a medium
application rate of 759 L ha-1 on apple orchards controlling scab and
powdery mildew (Podosphaera leucotricha (Ell. et Ev.) Salm.).
In grapevine orchards, advanced sprayers improved spray deposi-
tion by a factor of two (Viret et al., 2005a) or three compared to conven-
tional types (Siegfried et al., 2007). In this regard, multi-spout sprayers
achieved higher deposition and uniformity than conventional air-blast
sprayers (Pergher et al., 1997; Planas et al., 1993). Heinzlé et al.
(2010) also reported that a 30% dose reduction can be acceptable
when using side-by-side pneumatic and air-assisted hydraulic sprayers
previously calibrated for the treatment of downy and powderymildews
in grapes. More recently, Codis et al. (2018b), comparing a pneumatic
arch sprayer and an air-assisted side-by-side sprayer equipped with
hollow cone nozzles, found higher normalized leaf deposits with the
air-assisted sprayer throughout the season, particularly at the initial
growth stages.
As a conclusion of this section, the sprayer type and setting
parameters are important factors when determining the adjusted
amount of pesticide to be applied. The use of efficient designs,
properly adapted to the scenario architecture, and previously cali-
brated sprayers can result in valuable product savings, as well as a
reduction of residues and the undesirable consequences of the use
of pesticides.
3.4. Evaluation of dose adjustment
The effective surface deposit can be initially predicted from labora-
tory trials (Garcerá et al., 2011, 2012, 2014) and it can be easily and ef-
fective measured on leaves during in-field efficacy assessment by
determining the a.i. or a tracer deposition per unit leaf surface area
(μg cm-2), as is established by the standard ISO 22522:2007 (ISO,
2007). In fact, this standard procedure is currently used for sprayer eval-
uation or efficacy interpretation at site level bymany authors, including
Balsari et al. (2005, 2009), Chueca et al. (2011), Codis (2016), Codis et al.
(2017, 2018a, 2018b), Duga et al. (2013), Gil et al. (2007), Michielsen
et al. (2015), Miranda-Fuentes et al. (2015, 2016), Planas et al. (2013,
2016, 2018), Román and Planas (2018), Román et al. (2019, 2020,
2021), Sinha et al. (2020), Verpont (2017), Wenneker et al. (2014,
2017, 2018), and Zande van de et al. (2018).
Koch and Knewitz (2011) proposed to evaluate spray applications
by measuring spray deposits following the aforementioned standard
and, instead of considering the mean values, suggested using the por-
tion of targets with deposits lower than 5% of the nominal LWA dose
(kg 104 m-2), as efficacy occurs on individual targets. For a dose of
1 kg ha-1 LWA this threshold is equivalent to 0.5 μg cm-2.
In 2007, Siegfried et al. realized that LAI dosage dependency (esti-
mated through TRV) allows good efficacy against downy mildew and
powdery mildew compared to unsprayed and standard dosage in
vines and studied the particular case of two fungicides controlling
downy mildew in experiments carried out in Switzerland. The amount
considered necessary, including a margin of security of 30%, was
0.8 μg cm-2 of LA for azoxystrobin (Quadris 0.25% w/v) and 3.0 μg cm-2
for folpet (Folpet WDG 80%) and the doses applied throughout the sea-
son should range from 85 to 714 mL a.i. ha-1 for azoxystrobin and from
317 to 2600 g a.i. ha-1 for folpet (a variation in the LAI from 0.04 to 2.57
is considered along the season) (in Siegfried et al., 2007, Table 2). Con-
sequently, the normalized depositions range between 946 and
115 ng dm-2 per g ha-1 for azoxystrobin and between 941 and
112 ng dm-2 per g ha-1 for folpet. These values were similar (in the
same range) to the normalized depositions found by Codis et al.
(2018b) and in University of Lleida trials (data unpublished), as
shown in Fig. 1, for side-by-side hydropneumatic sprayers operating
with hollow cone nozzles according to BBCH phenological growth
stages.
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Fig. 1.Normalized leaf deposit (mean ± SE) of tracer achieved by a side-by-side (TPJ XA)
hydropneumatic sprayer (data from Codis et al., 2018b) and University of Lleida (UdL) ISO
22522:2007 trials with side-by-side hydropneumatic sprayers (data unpublished) by
phenological stage (BBCH scale).
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face area for optimal dose calculations, but show that deposition is not
linearly proportional to the existing LAI and that other additional struc-
tural factors affect deposition that need to be accounted for when con-
sidering dose adjustment.
4. Decision support systems
Due to the risk of non-consistent dose rates, most advisors and end
users regularly decide to apply standard (full) label doses. Nevertheless,
there is an increasing number of users who try to spray at adjusted
doses for an efficient and safe use of pesticides. Several DSSs are avail-
able to help themwith the decisions that have to bemade for each spe-
cific scenario. In all cases, it is assumed that a well-calibrated sprayer is
operating in accordance with GAP in wall crops (hedgerow-or trellis-
trained intensive orchards).
4.1. Pesticide adjustment to the crop environment (PACE)
The fundamentals of the PACE system were described by Walklate
et al. (2003, 2006, 2008 and 2011) and updated after new LiDAR field
measurements (Walklate and Cross, 2014). The system focusses on
pome fruits and is based on the LWA model, considering CH, row dis-
tance and leafiness estimated by pictograms. The PACE DSS (www.
pace.pjwrc.co.uk/) recommends a percentage of the full pesticide la-
belled dose in each specific scenario to manage the same pesticide de-
posits as in a standard crop in different scenarios. A lower dose limit is
set in order to not compromise efficacy. An initial evaluation of the sys-
tem for efficacy was performed by Cross et al. (2004). Nowadays, the
system is not commonly used on farms at practical level.
4.2. Dosage adapté - Agrometeo (AGMET)
This system is based on work carried out in Switzerland and
Germany by Siegfried et al. (2007) and Viret et al. (2005a, 2005b,
2007, 2010 and 2011). For deciduous fruits and vines, SVR and dose
are adjusted according to the estimated LA after accounting for CH,
mid-crownwidth and row distance. Themodel assumes a good correla-
tion between LAI and TRV (R2 = 0.80 for vineyards) and proposes dos-
age adaptation assuming that 100% of the registered dose should be
applied to a standard fruit orchard with a TRV of 10,000 m3 ha-1 by
spraying 1600 L ha-1. For vineyards, the standard TRV considered is
4500m3 ha-1 with an LAI of 1.66, equivalent to a theoretical median de-
position of 2.4 μL cm-2 (Appendix A). The system has been validated for
efficacy over a long period of trials, with reported savings of at least 20%
of sprayed product (Viret et al., 2010; Viret et al., 2011; Dubuis et al.,
2015). The system has been officially adopted in Switzerland, and is7
available at a website run by the Swiss Federal Government (www.
agrometeo.ch).
4.3. OPTIDOSE
Optidose was launched in 1996 by the French Institute of Vine and
Wine. It is a complete system which considers TRV parameters (height,
width and row spacing), the target biomass associated to the growth
stage (up to 41different stages), disease pressure, vineyard cultivar sen-
sitivity to downy and powdery mildews and sprayer efficiency fore-
casted by the user. This last factor can only be considered in the case
of low disease pressure. The system recommends dose reduction in re-
lation to the label dose, and is expressed asmaximum kg or L of product
per unit of crop ground area. The SVR is not indicated as in France very
low volumes provided by pneumatic sprayers are mainly used at the
moment. This DSShas been validated for the control of downyand pow-
dery mildews since 2004 (Davy et al., 2010, 2013; Heinzlé et al., 2010).
The OPTIDOSE system is available at www.vignevin-epicure.com/index.
php/fre/optidose2/optidose and is widely used by French growers.
4.4. DOSAVIÑA
The background to the development of the Spanish DSS called
DOSAVIÑA was presented by Gil (2003), Gil and Planas (2003) and Gil
et al. (2005). The DSS was subsequently developed to determine the
SVR in vineyards on the basis of TRV dimensions or the LAI, estimated
from a database considering four growth stages, and the sprayer charac-
teristics and operating conditions (Gil and Escolà, 2009). Itwas then val-
idated vs. standard SVR applications, allowing average pesticide savings
of 40% and with positive preliminary results in the control of powdery
mildew in cv. Merlot and Cabernet Sauvignon in Lleida (Spain), and of
botrytis bunch rot (Botrytis cinerea) and grape black rot (Guinardita
bidwellii) in cv. Riesling in New York State (US) (Gil et al., 2011). The
system has recently been updated (Gil et al., 2019), considering LWA,
canopy width, leaf density and sprayer efficiency, and established
0.037 Lm-2 of LWA (equivalent to 0.093 Lm-3 of TRV, for a standard can-
opy width of 0.8 m), as the basic SVR. This value matches exactly the
previously mentioned ratio established by Byers et al. (1971) for runoff
conditionswhen spraying pome fruits and is close to the ratio suggested
by Herrera-Aguirre and Unrath (1980) for apple orchards.
This ratio was evaluated for coverage and impacts by means of
water-sensitive papers (Gil et al., 2019; Campos et al., 2020). DOSAVIÑA
is available at https://dosavina.upc.edu/ and as an app for smartphones.
4.5. DOSA3D
Initially named DOSAFRUT, this DSS was developed in Spain and in-
troduced by Planas et al. (2006) to determine the SVR in pome fruit or-
chards, considering the LAI and spraying efficiency. The first expression
to calculate the optimal SVR was proposed according to Eq. (3):
V ¼ 2 ∗ 10
4 ∗D ∗ LAI
E
ð3Þ
where V is the volume rate (L ha-1), LAI is estimated through canopy di-
mensions and leafiness, D is the intended liquid average deposit or dos-
age index (L m-2) and E is the spraying efficiency (%).
Similarly, the LAI was also considered by Pergher and Petris (2008)
for dose application rates according to Eq. (4):
Q ¼ 2 ∗ 10
2 ∗ d ∗ LAI
e
ð4Þ
where Q is the application dose rate (g ha-1), d is the intended average
foliar deposit (μg cm-2), LAI is the leaf area index, and e is spraying
efficiency (%). Factor 2 is included to account for both leaf sides.
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volume to be sprayed through Eq. (5) for a constant concentration of
spray liquid.
V ¼ 120 ∗ LAI
E
ð5Þ
where V is the volume rate (L ha-1), LAI is estimated from the CH,
mid-crown width and leafiness valued by pictograms, and E is the
spraying efficiency (%). Factor 120 corresponds to the theoretical base
deposit rate, established as 100 droplets per cm-2 with a robust diame-
ter of 225 μm, equivalent to 0.6 μL cm-2 or 1.2 μL cm-2 if both sides of the
leaf are considered.
The system was updated after accurate and extensive canopy char-
acterization using LiDAR and LA measurements (Sanz et al., 2018). It
was also validated for efficacy in 20 comparative trials conducted in
pome and stone fruit orchards located in Lleida (Spain), with reported
pesticide savings of between 14% and 53% (Planas et al., 2013, 2016;
Solanelles et al., 2013). Later, theDSSwas expanded to grapevine, citrus,
intensive almonds and olive orchards providing a common tool for all
themain 3D crops grown in the ESZ (Planas et al., 2018, 2019). The pic-
togramswere replaced by 3 growth states to simplify theDSS. It has also
been evaluated for efficacy in vineyards to control yellow spider mite
Eotetranychus carpini (Oud.), leafhoppers Empoasca vitis Göethe and
Jacobiasca lybica Bergenin & Zanon (Román et al., 2021) and powdery
mildew, as well as for the main pests and diseases affecting pome fruit
orchards in Catalonia (Spain) (Román et al., submitted). DOSA3D is
nowadays widely used, recommended by the Plant Health Services of
the Catalan Regional Government (http://agricultura.gencat.cat/ca/
ambits/agricultura/dar_sanitat_vegetal_nou/mitjans-defensa-
fitosanitaria/) and is available at http://dosa3d.cat/en and as a
smartphone app.
4.6. Orchardmax (OMAX)
This systemwas developed in 2013 by the Ontario Ministry of Agri-
culture and Rural Affairs (Canada) (Deveau, 2017; OMAFRA, 2017) to
improve sprayer efficiency for apple orchards. It is based on the crop-
adapted spraying model which was tested in semi-dwarf and high-
density apple orchards in Ontario and Nova Scotia. To calculate dose re-
duction, it considers TRV canopy dimensions, growth stage (2 levels:
until petal fall and until the end of the season) and leafiness by means
of pictograms. Finally, it assumes 0.06 L m-3 for a suitable leaves cover-
age (10-15%), comprising a minimum 85 medium-sized droplets per
cm2. The system does not advise a SVR below 400 L ha-1, consideringTable 1
Summary of characteristics and performances for volume or dose adjustment by decision supp
DSS PACE AGMET OPTIDOSE
Fruit (F) * * –
Vine (V) – * *
Canopy height (CH) * * *
Canopy mid-crown width – * *
Canopy leafiness -porosity (levels) * – –
Row spacing * * *
Growth stage (levels) * (3) – * (41)
Leaf area estimation * * *
Sprayer efficiency – – *
Pest or disease pressure – – *
Base for ratio calculation (index) (a) (b) –
Min dose or volume rate (L ha-1) * (F) 200 –
a: Height / row spacing as LWA estimator (Walklate et al., 2003).
b: (F) 0.02 + 200/TRV L m-3 (Siegfried et al. (1995); (V) 0.07-0.13 L m-3 (Siegfried et al., 2007
c: (V) 0.037 L m-2 LWA, equivalent to 0.079-0.107 L m-3 TRV (for different canopy width facto
d: (F, V) 1.2 μL cm-2 (Planas et al., 2013).
e: (F) 0.06 L m-3 TRV (Deveau, 2017).
f: (F) LWA when LWA <17,000 m2 LWA ha-1, and TRV when LWA >17,000 m2 LWA ha-1) (Ve
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that the majority of pesticides have their efficacy tested at 1000 L ha-1
and doses less than 50% the labelled rate are not recommended.
OMAX is available as a smartphone app.
4.7. PULVARBO
This DSS has recently appeared in the framework of the national
French Ecophyto II program for reduction of pesticide use. It is the result
of work started in 2015 involving several R + D institutes (Verpont,
2017).
PULVARBO establishes a reference value of 17,000 m2 LWA ha-1 to
decide the adjusted dose to by applied. When the LWA dimension of
the orchard is under this value, the dose to be applied, in relation to
the label dose, should be proportional to the ratio between the LWA of
the orchard and the reference LWA. Otherwise, if the LWA is over the
reference value, the ratio for adjustment depends on the combination
of the CH, canopy width and the BBCH growth stage.
PULVARBO is suitable for apple orchards and some restrictions are
established in cases of high disease pressure. The DSS has been widely
validated following 35 efficacy trials carried out in different fruit regions
in France (Verpont, 2021).
4.8. Comparison between decision support systems
A summary of the characteristics and differences between the DSSs
described above is shown in Table 1. The PACE system is based on the
LWA index for dose recommendation, while the other systems include
mid-crownwidth as a factor to estimate the SVR as used in the TRV sys-
tem. The DOSA3D calculation is established on the basis of LAI estima-
tion. All the systems require information on height, mid-crown width
(excluding PACE), row spacing and canopy density (leafiness) and/or
growth stage. Sprayer performance is generally considered too. Regard-
ing to the SVR, all the systems provide anoptimumvaluewith exception
of the PACE and both French, OPTIDOSE and PULVARBO, systems.
Finally, it should be noted that AGMET, DOSA3D and OMAX systems
establish a lower SVR threshold to ensure a MED for any orchard
scenario.
Very recently, EPPO has advocated for deposit level as a criterion to
achieve an expected efficacy under specific circumstances of canopy
size and density (leafiness), BBCH growth stage, applicationmethod, or-
ganism to be controlled and climatic factors (EPPO, 2021). In this con-
text, it should be underlined that, with the exception of climatic
factors, only DOSA3D and OPTIDOSE systems consider all of these
parameters to establish the optimum SVR and dose, with both systems
estimating LA by growth stage. The PACE system does not considerort systems.
DOSAVIÑA DOSA3D OMAX PULVARBO
– * * *
* * – *
* * * *
* * * *
* (4) – *(5) –
* * * *
– * (3) *(2) *(2)
– * – –
* * * –
– * – *






rs) (Gil et al., 2019).
rpont, 2021).
Table 2
Characteristics of hypothetical scenarios used for DSS comparison. Leaf area index (LAI) estimated by the DOSA3D and AGMET systems (N/A: not available).
Scenario Growth stage BBCH Canopy dimensions Row spacing (m) LWA TRV LAI
height (m) width (m) DOSA3D AGMETa
Pome fruit orchard
1 From petal fall 71-75 2.2 0.5 3.6 12,222 3056 0.61 N/A
2 Fruit half final size 76-89 2.6 1.5 4.0 13,000 9750 1.85 N/A
3 Fruit half final size 76-89 3.8 2.2 4.0 19,000 20,900 3.62 N/A
Grapevine orchard
4 Pre-flowering 11-53 0.4 0.2 2.8 2857 286 0.18 0.05
5 Flowering 55-69 0.8 0.5 2.8 5714 1429 0.73 0.40
6 From fruit set 71-89 1.2 0.8 2.8 8571 3429 1.48 1.14
7 From fruit set 71-89 1.7 1.0 2.8 12,143 6071 2.03 2.57
a Siegfried et al., 2007 (see appendix A).
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given to growth stage), PULVARBO considers growth stage but ignores
leafiness and LA, and DOSAVIÑA and OMAX estimate porosity but not
LA.
The parameters considered for TRV calculation (height, width and
row spacing) are very easily measured. Consequently, the AGMET,
DOSAVIÑA and OMAX systems provide the volume to be sprayed di-
rectly from the TRV value. Nevertheless, the indexes used for the base
calculation from these DSS (Table 1) do not coincide. The OMAX sys-
tems assumes the constant value of 0.06 L m-3. Instead of that, the
DOSAVIÑA system assumes the reference value of 0.093 L m-3 and, de-
pending on canopy width, adjusts the value within the range 0.079-
0.107 L m-3. Finally, the AGMET system adjusts the value of the ratio
to the estimated LA, ranging in vineyards from 0.07 to 0.13 L m-3.
In contrast, the DOSA3D systemworks on the basis of direct estima-
tion of the LAI and providing the optimal spraying volume assuming a
volume average deposition of 1.2 μL cm-2. This value coincides with
the median volume deposition value adopted in the AGMET system
(1.2 μL cm-2) for a spraying efficiency of 50%, typical for conventional
air-assisted sprayers (see Appendix A, data from Siegfried et al., 2007).
The volumes and doses recommended of the considered systems
have been analysed for fruit and vine orchards in seven hypothetical
scenarios described in Table 2.
The specific conditions that were entered into the different DSSs to
calculate the volume and dose rates for each scenario are listed below,
and the results are shown in Table 3:
• In all systems, a conventional sprayer (air-assisted) is operating.
• For PACE, standard number of branches and mean growth rate, stan-
dard disease.
• For OPTIDOSE, mildew and powdery mildew medium risk, normal
sensitivity of the variety, growth stages from inflorescence to berry
colour development (scenarios 4 to 7), no dose reduction due to
sprayer performance.
• For DOSAVIÑA, canopy density ranges from very low to very dense
(scenarios 4 to 7), reference dose equivalent to a volume rate of
1000 L ha-1 at the labelled concentration.
• For DOSA3D, pests not requiring additional SVR, reference dose equiv-
alent to a SVR of 1000 L ha-1 at the labelled concentration.
• For OMAX, matching trees, spraying every row, cubic canopies, mod-
erate density (scenarios 1, 2), high density (scenario 3).Table 3
Spraying volume rate (L ha-1) and adjusted dose (% of reference dose) established by the analy
Scenario PACE AGMET OPTISO
Pome fruit orchard 1 (61%) 261 (63%) N/A
2 (76%) 395 (100%) N/A
3 (100%) 618 (148%) N/A
Grapevine orchard
4 N/A 50 (9%) (60%
5 N/A 100 (36%) (60%
6 N/A 260 (71%) (80%
7 N/A 550 (178%) (60%
9
• For PULVARBO, apple for fresh consumption, low pressure of powdery
mildew and tortrix moth group.
5. Discussion
The volume and dose recommended by each system differ because
the basis for their calculation varies between the systems and is the re-
sult of the application of different correction coefficients related to the
specific scenario.
As expected, all the DSSs provided increased SVR (L ha-1) and doses
as canopy dimensions and leafiness increased and as the season
progressed too. Only the OMAX system gave similar values for fruit at
the initial and medium stages (scenarios 1 and 2) due to the minimum
threshold of 400 L ha-1 which applies at the initial stage (Table 3).
As regards SVR, the DOSA3D was more conservative, both for pome
and grapevine orchards. This is a consequence of the reduced spraying
efficiency values considered by the DOSA3D, in accordance with the sit-
uation at farming level (less than 50% for the sprayer type considered).
In contrast, in practically all scenarios, the AGMET system provided the
lowest volumes rates (L ha-1) in both crops. However, the lower volume
rate (L ha-1) for AGMET tended to be compensated for by a higher per-
centage of the reference dose (Table 3).
This analysis can be quantified by means of the ratio (R) (Table 4)
calculated according to Eq. (6).
R ¼ SVR=TRV ð6Þ
where SVR is the spraying volume rate shown in Table 3 and TRV the
tree volume rate shown in Table 2.
In pome fruit (scenarios 1 to 3), the ratio described on the AGMET
website is the exact result of the equation proposed by Siegfried et al.
(1995) shown in Table 1. With the exception of the DOSA3D and
OMAX systems at initial stage (scenario 1), the R values observed are
below the ratios established for fruit by the previously mentioned pio-
neer authors, 0.093 L m-3 (Byers et al., 1971; Byers, 1987), 0.116 L m-3
(Herrera-Aguirre and Unrath, 1980), 0.133 L m-3 (Sutton and Unrath,
1984) and > 0.093 L m-3 for TRV > 23,000 m3 ha-1 (Manktelow and
Praat, 1997). This is probably due to two reasons. Firstly, the evolution
in the dimensions and geometry of canopies over the last few decades
towards a more efficient architecture (smaller dimensions and
progressive wall shape), and secondly the continuous improvementssed decision support systems in the scenarios defined in Table 2 (N/A: not available).
SE DOSAVIÑA DOSA3D OMAX PULVARBO
N/A 490 (49%) 400 (40%) (72%)
N/A 730 (73%) 410 (41%) (76%)
N/A 1000 (100%) 878 (125%) (100%)
) 108 (11%) 150 (15%) N/A N/A
) 228 (23%) 240 (24%) N/A N/A
) 438 (44%) 460 (46%) N/A N/A
) 503 (50%) 630 (63%) N/A N/A
Table 4
Ratio (R) of spraying volume rate to Tree RowVolume (Lm-3 TRV) for scenarios defined in
Table 2.
Scenario AGMET DOSAVIÑA DOSA3D OMAX
Pome fruit orchard
1 0.085 N/A 0.160 0.131
2 0.041 N/A 0.075 0.042
3 0.030 N/A 0.048 0.042
Grapevine orchard
4 0.175 0.378 0.525 N/A
5 0.070 0.160 0.168 N/A
6 0.076 0.128 0.134 N/A
7 0.091 0.083 0.104 N/A
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increased spraying efficiency, allowing for a better adjustment of the
volume to be sprayed.
In grapevine orchards, for all growing stages (scenarios 4 to 7), the
AGMET system showed ratios lower than the other DSSs, with
DOSA3D always giving the highest values. Exceptionally, DOSAVIÑA
shows the lowest value for the final stage (scenario 7). This is the conse-
quence of the lower volume rates established by the AGMET system
(Table 3), and of the reduced spraying efficiency values considered by
theDOSAVIÑA andDOSA3D systems. For scenario 7,where the SVR pro-
posed by the AGMET system is close to the others (Table 3), the R value
is also in the same order of magnitude.
Comparing DOSAVIÑA and DOSA3D, the R values of the DOSA3D
system always remain slightly above those of DOSAVIÑA (Table 4),
but the recommended volumes are quite similar for both systems
(Table 3), with the exception of scenario 4 where DOSA3D calculates
on the safe side establishing a minimum threshold volume of
150 L ha-1.
As regards the coefficient for dose adjustment (% of reference dose)
recommended by each system (Table 3), there is a certain similarity in
magnitude with the exception of AGMET at the final stage (scenarios
3 and 7) andOPTIDOSE at the initial stage (scenario 4). This different ap-
proach to the two ends of the spraying period could conclude in impor-
tant differences in deposition with regard to the other systems.
5.1. Effective dose comparison
Spray deposition is a key element for successful pests and diseases
control. For grapevine orchards (scenarios 4 to 7), the hypothetical de-
positions were calculated when spraying to control downy mildew ac-
cording to the recommendations of each DSS, as shown in Table 3. The
two previously mentioned products containing folpet or azoxystrobin
(Siegfried et al., 2007) were considered. Their content and authorized
dose (kg ha-1) for the respective countries are shown in Table 5.
Adopted doses are expressed as crop ground area (kg ha-1) with theTable 5
Equivalent formulated products containing folpet (FOLPET) or azoxystrobin (QUADRIS) as









FOLPET 80%WG FOLPAN 80 WDG
Content a.i. 80% 80% 80%
Dose (kg ha-1) 2.50 1.87 1.80





Content a.i. 25% 50% 25%
Dose (kg ha-1) 1.50 0.50 1.00




a Product currently removed from the Swiss registration list.
10exception of QUADRIS in Spain where the dose considered is expressed
in concentration (0.2%) for a reference volume of 1000 L ha-1 (this is
equivalent to 2.0 kg ha-1 of formulated product). The expected product
mass deposition was established according to the ratio between the a.i.
dose applied and the LAI indicated in Table 2, taking into account an ef-
ficiency of 25% for scenario 4 (initial stage) and an efficiency of 50% for
the other scenarios (5 to 7). The LAI estimated by the DOSA3D system
was used, except for the AGMET system in grapevine orchards for
which the LAI values are those considered by the system itself
(Appendix A). The expected results for folpet and azoxystrobin leaf de-
position when spraying according to each DSS are shown in Fig. 2.
For both fungicides, at the initial stage (scenario 4), OPTIDOSE shows
a very high expected deposition value compared to the other DSSs. This
is a consequence of the higher value of the coefficient used for
OPTIDOSE dose adjustment at this stage (Table 3). At this initial stage,
this system could overdose and waste a significant amount of pesticide.
When comparing systems for expected deposition, at the intermediate
and final stages (scenarios 5 to 7), the AGMET system always shows
values above the other systems. This is a consequence of the differences
between countries in terms of established dose (Table 5) and of the co-
efficient for dose reduction for the final stage (scenario 7) (Table 3)
where AGMET values are considerably higher.
For DOSAVIÑA and DOSA3D systems, deposition of folpet is nor-
mally under the efficacy threshold, including a margin of security of
30% (3.0 μg cm-2) indicated by Siegfried et al. (2007). The lowest value
(1.77 μg cm-2) corresponds to the expected deposition for DOSAVIÑA
at the last growing stage (scenario 7) being also visibly under the base
threshold (2.3 μg cm-2). This could lead to a risk situation from the
point of view of efficacy. Nevertheless, the rest of the values for
DOSAVIÑA are very closed to the base efficacy threshold and, conse-
quently, efficacy level could be acceptable. The same applies to
DOSA3D system that achieves results slightly better than DOSAVIÑA
in some cases being above or very close to the base threshold.
Deposition of azoxystrobin is normally above or close to the efficacy
threshold (0.8 μg cm-2) stated by the same authors and in all cases upper
the base threshold (0.6 μg cm-2). In general terms, efficacy seems to be
ensured.
It can therefore be concluded that differences in the labelled doses
and in the dose adjustment coefficient lead to important differences in
the expected deposition, which in some cases is below the efficacy
threshold indicated by Siegfried et al. (2007). These differences could
be justifiable by the country-specific character of disease pressure
and/or varietal sensitivity to downy mildew. This means that normally
the number of annual treatments and the recommended doses in
Switzerland and France are significantly higher than those required in
Spain. These differences highlight the need for dose harmonization
and clarification of the efficacy deposition threshold.
High variability among depositions in 3D crops has been reported by
several authors, including Koch and Knewitz (2011) and Planas et al.
(2016). Because of this variability at specific canopy site (target) level,
global efficacy cannot be guaranteed. Undoubtedly, the actual deposi-
tion at some specific canopy sites will be below the efficacy thresholds,
and the control level may be insufficient. For this reason, some chemical
treatments fail in their goal of controlling pests and diseases.
To prevent this possibility of lower dosing, the DOSA3D system in-
cludes a methodology to establish the minimum crop ground dose
(kg ha-1) to be applied at a spraying volume considerably below the
SVRs usually employed for efficacy evaluation in pre-registration trials.
The methodology is named Green Way (DOSA3D, 2019).
5.2. Volumetric deposition comparison
All the DSSs which recommend SVRs (AGMED, DOSAVIÑA, DOSA3D
and OMAX) provide decreasing volumetric depositions when the SVR
refers to the LAI (Fig. 3.A and 3.B for fruit and grapevine orchards,
respectively). The same criteria for spraying efficiency were taken into









































Fig. 2. Expected productmass deposition (μg cm-2)when applying the formulated products of a) folpet and b) azoxystrobin according to Table 5 at the adjusted dose established in Table 3
for the different decision support systems. Expected depositions are calculated accounting for the leaf area index (LAI) of the different scenarios set in Table 2. Red dotted lines indicate the
deposition threshold including the safety margin of 30% (3.0 μg cm-2 and 0.8 μg cm-2 for folpet and azoxystrobin, respectively) and black dotted lines the base threshold (2.3 μg cm-2 and
0.6 μg cm-2 for folpet and azoxystrobin, respectively).
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the LAI estimated by the DOSA3D system was used, except for the
AGMET system in grape orchards forwhich the LAI values are those con-
sidered by the system itself (Appendix A).
With the exception of AGMET in fruit at the final stage, the calcu-
lated deposits are close to or above the threshold (base) for DOSA3D
calculation (1.2 μL cm-2) and the median deposition considered for
the AGMET system (identical value). Consequently, in general, the
SVR established by each DSS can be considered sufficient for pest
control objectives.
Similar to what happened with the volumes and ratios, DOSA3D is
again found to be the most conservative system. In terms of expected
volumetric deposition, this DSS has in all cases a robust security margin
with respect to the 1.2 μL cm-2 threshold. This is a coherent result from
the point of view of efficacy but could be associated to pesticide waste.
Conversely, from the mid stages onwards, the AGMET system provides
deposition values below the considered threshold, as does OMAX on
one occasion. In this case, pesticide waste is probably diminished but
efficacy could be compromised. Again, the action of the pesticide at
specific site level could be critical.
The challenge is to obtain the deposition threshold at all target sites.
This objective is technically not feasible but something that is worth
attempting to get as close to as possible. Mean deposition values could
hide an important portion of depositions below the effective dose,
with the result being compromised efficacy at those specific sites
where pests can remain as reservoirs. Consequently, mean values are
insufficient for information on pesticide deposition and statistical
analyses of deposition variability should be provided by the chemical



















Fig. 3. Expected volumetric depositions (μL cm-2) in A) fruit orchards and B) grapevine orchar
Table 3 for the different decision support systems in the consecutive scenarios reported in Ta
(1.2 μL cm-2).
116. Conclusions and recommendations
It can be concluded that LAI is the most rational parameter for dose
expression. LA can be easily estimated from crop dimensions and
growth stage or leafiness, as is done in theDOSA3D system, and has pre-
viously been suggested for use in trials in the registration process.
Even though the TRVmodel correlates better with LAI than the LWA
model, both expressing models are supported by EPPO to facilitate the
zonal mutual recognition. They represent a substantial improvement
compared to the former concentration and crop ground-based dose ex-
pression models which remain in force in the ESZ. The LWA model has
already been adopted by the Central Zone Steering Committee for eval-
uation trials in the registration process and several countries in the ECZ
have registered pesticides whose dose is expressed in this model.
The sprayer is also a determining factor of the amount of pesticide to
be applied. However, high-efficiency sprayers are not yet widely used
and the training of users in the calibration of such equipment must be
implemented when the intention is to reduce doses. General actions
to promote the renewal and maintenance of the equipment and good
practices will also undoubtedly have beneficial results.
The different DSSs analysed in this paper consider partially or totally
these adjustment factors for the establishment of optimal volume and
dose rates in particular scenarios. The DSSs considered do not always
provide equivalent results in terms of product per crop ground area
and the expected on-target deposition. Nevertheless, the expected vol-
umetric depositions are, in themajority of situations, similar to or above
the deposit efficacy threshold (1.2 μL cm-2) considered for the DOSA3D
system, which has been shown to be the most conservative system.

























ds, for 50% spraying efficiency, when spraying at the adjusted volume rates established in
ble 2. Dotted lines indicate the volumetric deposition threshold for the DOSA3D system
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old need to be addressed. Nonetheless, all the analysed DSSs are power-
ful and useful tools for rational decision-making about volume and
pesticide doses. Their use should be promoted by the authorities.
For all the considered DSSs, the recommended SVR are below the
ratio values that were initially established by different authors in the
USwhenwork first began on rationalizing pesticide dosing. This reflects
the improvements that have beenmade in spraying techniques and the
systematic reshaping of orchards which have resulted in an important
increase in efficiency.
Pesticide deposition on leaves (μg cm-2) is a parameter that is di-
rectly related to biological efficacy and enables reliable comparisons be-
tween different situations. Therefore, an important pending issue is the
minimum effective dose (minimum deposit) required for consistently
good efficacy against pests. Minimizing the sites with deposition rates
below the effective threshold must be the objective in order to ensure
the optimal control of pests and diseases.
Consequently, deposition on leaves should be reported in pesticide
efficacy evaluations in order to establish the required doses indepen-
dently of the dose expression model. For deposition measurements,
the international standard ISO 22522:2007 should be taken into ac-
count. This standard has been welcomed positively and extensively
used by researchers and technicians dealing with spray evaluations.
Contrary to chemical industry considerations reported in Garcerá et al.
(2021), it should be reported the deposition that achieves the expected ef-
ficacy in the pre-registration trials. The information provided should in-




























12theproportion of samples under the value considered as threshold. The as-
sociated cost of deposition assessment is negligible (non-relevant) and to-
tally affordable for the industry in the context of the overall cost of the
pesticide registration process. The benefits in terms of human and envi-
ronmental safety, and economy for growers aremore than compensatory.
In the short term, all these actions (adjusting volume and dose rates
through the use of DSSs, improvements to spraying equipment and in-
formation on minimum deposits in efficacy trials) contribute to reduc-
ing overall pesticide use and help to meet the European objectives of
the Farm to Fork strategy, as well as the objectives of official programs
for the rational use of pesticides worldwide.
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According to Siegfried et al. (2007) from its Table 2 it can be deduced that volume rate (V) is dependent on leaf area index (LAI) [V=198 * LAI+42].
Hence, the ratio V/TRV is assessed in Table A.1 of this paper.
Theoretical leaf deposition can be calculated from V and LAI. If an efficiency of 100% is considered (all the spray is deposited on the target), deposi-
tions vary between 12.5 and 2.1 μL cm-2. However, the reality is that sprayers are not 100% efficient. Therefore, the efficiency is shown at 50%which is
a representative value for standard sprayers. In this case, as is highlighted in red in Table A.1, themedian deposition is exactly the threshold proposed
by DOSA3D (1.2 μL cm-2).
Table A.1
Calculations to determine theoretical leaf deposition through data from Siegfried et al., 2007. TRV: Tree Row Volume. LAI: Leaf area index. V: Volume rate. E: Efficiency.Data from Siegfried et al., 2007 DepositionV Ratio V/TRV (E = 100%) (E = 50%)TRV LAI V (L ha-1) L ha-1 μL cm-2 μL cm-200 0.04 50 50 0.13 12.5 6.25
00 0.08 58 0.10 7.2 3.62
00 0.12 66 0.08 5.5 2.74
000 0.17 75 76 0.08 4.5 2.23
200 0.23 88 0.07 3.8 1.90
400 0.28 97 0.07 3.5 1.74
600 0.35 111 0.07 3.2 1.59
800 0.42 125 0.07 3.0 1.49
000 0.49 150 139 0.07 2.8 1.42
200 0.56 153 0.07 2.7 1.36
400 0.64 169 0.07 2.6 1.32
600 0.73 186 0.07 2.6 1.28
800 0.81 202 0.07 2.5 1.25
000 0.90 250 220 0.07 2.4 1.22
200 0.99 238 0.07 2.4 1.20
400 1.09 258 0.08 2.4 1.18
600 1.19 277 0.08 2.3 1.17
800 1.29 297 0.08 2.3 1.15
000 1.39 350 317 0.08 2.3 1.14
200 1.50 339 0.08 2.3 1.13
400 1.61 360 0.08 2.2 1.12
600 1.72 382 0.08 2.2 1.11
800 1.83 404 0.08 2.2 1.10
000 1.95 450 427 0.09 2.2 1.10
200 2.07 451 0.09 2.2 1.09
400 2.19 475 0.09 2.2 1.08
600 2.32 501 0.09 2.2 1.08
800 2.44 524 0.09 2.1 1.07
000 2.57 550 550 0.09 2.1 1.076
S. Planas, C. Román, R. Sanz et al. Science of the Total Environment 806 (2022) 150357References Doruchowski, G., Holownicki, R., 2000. Environmentally friendly spray techniques for treeAde, G., Molari, G., Rondelli, V., Molari, Giovanni, 2007. Recycling tunnel sprayer for pes-
ticide dose adjustment to the crop environment. Trans. ASABE 50, 409–413.
Antonin, Ph., Fellay, D., 1976. L´influence du type de pulvérisateur Sur l´efficacité des
traitements antiparasitaires en arboriculture. Rev. Suisse Vitic. Arboric. Hortic. 8,
111–131.
Balsari, P., Tamagnone, M., 1996. Prime valutazioni di una irroratrice a tunnel impiegata in
viticoltura [First evaluation of a tunnel sprayer working in vineyards]. Proc. Giorn.
Fitopatol. 1, 439–446.
Balsari, P., Marucco, P., Tamagnone, M., 2005. A system to assess themass balance of spray
applied to tree crops. Trans. ASABE 48 (5), 1689–1694.
Balsari, P., Doruchowski, G., Marucco, P., Tamagnone, M., van de Zande, J.C., Wenneker, M.,
2009. Assessment of spray deposits and biological efficacy in apple orchard using a
Crop Identification System (CIS). Suprofruit. Wageningen (NL), pp. 24–25.
BVL (Bundesamt für Verbraucherschutz und Lebensmittelsicherheit), 2018. Change of
dose expression in high growing crops within the framework of the authorisation of
plant protection products. https://www.bvl.bund.de/SharedDocs/Fachmeldungen/
04_pflanzenschutzmittel/EN/2018/2018_02_16_leafwallarea_CZSC.html.
Byers, R.E., 1987. Tree-row-volume spraying calculator for apples. HortScience 22 (3),
506–507.
Byers, R.E., Hickey, K.D., Hill, C.H., 1971. Base gallonage per acre. Virginia Fruit 60, 19–23.
C RománM Peris J Esteve M Tejerina J Cambray P Vilardell S. Planas (submitted) DOSA3D:
decision support system for pesticide dose adjustment in 3D crops. Fundamentals
and Validation for Fruit and Grapevine Orchards.
Campos, J., Gallart, M., Llop, J., Ortega, P., Salcedo, R., Gil, E., 2020. On-farm evaluation of
prescription map-based variable rate application of pesticides in vineyards. Agron-
omy 10, 102. https://doi.org/10.3390/agronomy10010102.
Carra, M., Delpuech, X., Codis, S., Douzals, J.P., Montegano, P., Ruelle, B., Savajols, B.,
Ribeyrolles, X., Vergès, A., 2017. Spray deposits from a recycling tunnel sprayer in
vineyard; effects of the forward speed and the nozzle type. 14th Workshop on
Spray Application in Fruit Growing. SuproFruit Hasselt (BE), pp. 33–34.
Chueca, P., Moltó, E., Garcerà, C., 2011. Influence of nozzles on mass balance in spray ap-
plication in citrus. 11th International workshop on Sustainable Plant Protection Tech-
niques in Fruit Growint. Suprofruit Bergerac (FR).
Codis, S., 2016. Stakes for a new model of dose expression in viticulture: advantages and
points to be taken into consideration. Proc. Workshop on Harmonized Dose Expres-
sion for the Zonal Evaluation of Plant Protection Products in High Growing Crops.
EPPO, Viena (AU) . https://www.eppo.int/media/uploaded_images/MEETINGS/
Conferences_2016/dose_expression/13_Codis.pdf.
Codis, S., Douzals, J.-P., Wisniewski, N., 2012. Doses de produits phytos autorisées sur
vigne en Europe, vont-elles s’harmoniser? Phytoma 656, 37–41.
Codis, S., Vergès, A., Carra, C., Delpuech, X., Montegano, P., Ruelle, B., Savajols, B.,
Ribeyrolles, X., 2017. Towards a newmodel of dose expression in viticulture: presen-
tation of an experimental approach based on deposition measurement to test the rel-
evance of different scenarios. 14th Workshop on Spray Application in Fruit Growing.
SuproFruit. Hasselt (BE), pp. 12–13.
Codis, S., Douzals, J.P., Vergès, A., 2018a. Importance of sprayer performance for dose adjust-
ment and plant protection security: the tools allowing to classify sprayers according to
safety margins for dose adjustment. AAB Dose Expression Workshop. Castelldefels (ES)
. https://uma.deab.upc.edu/ca/dose-expression-workshop-presentations-1.
Codis, S., Carra, M., Delpuech, X., Montegano, P., Nicot, H., Ruelle, B., Ribeyrolles, X.,
Savajols, B., Vergès, A., Naud, O., 2018b. Dataset of spray deposit distribution in vine
canopy for two contrasted performance sprayers during a vegetative cycle associated
with crop indicators (LWA and TRV). Data Br. 18, 415–421. https://doi.org/10.1016/j.
dib.2018.02.012.
Cross, J.V., Walklate, P.J., 2008. UK PACE scheme for adjusting the dose to suit apple crops.
CIGR eJ. X 1–10.
Cross, J.V., Walklate, P.J., Murray, R.A., Richardson, G.M., 2001. Spray deposits and losses in
different sized apple trees from an axial fan orchard sprayer: 2. Effects of spray qual-
ity. Crop. Prot. 20, 13–30. https://doi.org/10.1016/S0261-2194(00)00046-6.
Cross, J.V., Murray, R.A., Walklate, P.J., Richardson, G.M., 2004. Pesticide dose adjustment
to the crop environment (PACE): efficacy evaluations in UK apple orchards
2002–2003. Asp. Appl. Biol. 71, 287–294.
CZSC, 2017. Bullet points: transition phase for adopting LeafWall Area (LWA). Version 1 date
last accessedCentral Zone Steering Committee (Accessed 25 Nov 2020) https://circabc.
europa.eu/d/a/workspace/SpacesStore/576904be-eaf7-468e-8c48-29deabd7b770/2017-
11%20Bullet%20points%20transition%20phase%20for%20adopting%20LWA.docx.
Damalas, C.A., 2016. Safe food production with minimum and judicious use of pesticides.
In: Selamat, J., Iqbal, S. (Eds.), Food Safety. Springer, Cham https://doi.org/10.1007/
978-3-319-39253-0_3.
Davy, A., Claverie, M., Codis, S., Bernard, F.M., Colombier, L., Davidou, L., Girard, M.,
Mornet, L., Perraud, J.P., Rives, C., Vergnes, D., 2010. Trials results of the «Optidose»
method using an adjustment of the pesticide dose for control of downy and powdery
mildew. Proceedings of the 6th International Workshop on Grapevine Downy and
Powdery Mildew. Bordeaux (FR)XX-XX.
Davy, A., Bernard, F.M., Claverie, M., Codis, S., Michez, A., Raynal, M., Remenant, S.,
Vergnes, M., Colombier, L., Davidou, L., Girard, M., Perraud, J.P., Rives, C., Vergnes,
D., 2013. Optidose® en ligne sur leWeb: un outil pour ajuster les doses de fongicides.
https://ecophytopic.fr/sites/default/files/2020-07/Optidose.pdf 3pp.
Deveau, J., 2017. OrchardMAX. https://sprayers101.com/orchardmax/ (accessed 7 Dec
2020).
Doruchowski, G., 2017. Harmonization of dose expression is the key to dose adjustment.
14th Workshop on Spray Application in Fruit Growing. Suprofruit. Hasselt (BE),
pp. 10–12.13crops. Crop. Prot. 19, 617–622. https://doi.org/10.1016/S0261-2194(00)00081-8.
Doruchowski, G., Svensson, S.A., Nordmark, L., 1996. Spray deposit within apple trees of
differing sizes and geometry at low, medium and high spray volumes. Acta
Horticulturae. International Society for Horticultural Science, pp. 289–294 https://
doi.org/10.17660/ActaHortic.1996.422.52.
DOSA3D, 2019. FRUITERS i VINYA - Establiment de la dosi [in catalán]. http://dosa3d.com/
uploads/ckeditor/attachments/34/2019_FRUITERS_i_VINYA-_Establiment_dosi.pdf.
Dubuis, P.H., Viret, O., Bloesch, B., Fabre, A.L., 2015. Le dosage adapté: facile, économique
et bon pour l’environnement. Rev. Suisse Vitic. Arboric. Hortic. 47 (1), 67–69.
Duga, D.A., Defraeye, T., Hendrickx, N., Dekeyser, D., Nuyttens, D., Nicolai, B., Verboven, P.,
2013. Sprayer canopy characterization using field experiments and CFD models. 12th
Workshop on Spray Application Techniques in Fruit Growing. SuproFruit. Valencia
(ES), pp. 100–105.
Duga, A.T., Ruysen, K., Dekeyser, D., Nuyttens, D., Bylemans, D., Nicolai, B.M., Verboven, P.,
2015a. Spray deposition profiles in pome fruit trees: effects of sprayer design, training
system and tree canopy characteristics. Crop. Prot. 67, 200–213. https://doi.org/10.
1016/j.cropro.2014.10.016.
Duga, A.T., Dekeyser, D., Ruysen, K., Bylemans, D., Nuyttens, D., Nicolai, B.M., Verboven, P.,
2015b. Numerical analysis of the effects of wind and sprayer type on spray distribu-
tion in different orchard training systems. Bound.-Layer Meteorol. 157, 517–535.
https://doi.org/10.1007/s10546-015-0064-2.
EC, 2009a. Regulation No 1107/2009 of the European Parliament and of the Council of 21
October 2009 concerning the placing of plant protection products on the market and
repealing Council Directives 79/117/EEC and 91/414/EEC. Off. J. Eur. Union L309 50p.
EC, 2009b. Guidance Document on the Presentation and Evaluation of Dossiers According
to Annex III of Directive 91/414/EEC in the Format of a (Draft) Registration Report.
SANCO 6895/2009 8p.
EC, 2009c. Directive 2009/128/EC of the European Parliament establishing a framework
for community action to achieve sustainable use of pesticides. Off. J. Eur. Union
L309, 71–86.
EC, 2020a. Trends in harmonised risk indicators for the European Union. https://ec.
europa.eu/food/plant/pesticides/sustainable_use_pesticides/harmonised-risk-
indicators/trends-hri-eu_en.
EC, 2020b. A farm to fork strategy for a fair, healthy and environmentally-friendly food
system. 19pCOM(2020) 381 Final . https://eur-lex.europa.eu/resource.html?uri=
cellar:ea0f9f73-9ab2-11ea-9d2d-01aa75ed71a1.0001.02/DOC_1&format=PDF.
EC (European Commission), 2005. Regulation No 396/2005 of the European Parliament
and of the Council of 23 February 2005 on maximum residue levels of pesticides in
or on food and feed of plant and animal origin and amending Council Directive 91/
414/EEC (Text with EEA relevance). Off. J. Eur. Union L70 16p.
EPPO, 2012a. Minimum effective dose. EPPO Bull. 42, 403–404. https://doi.org/10.1111/
epp.2612.
Eppo, 2012b. PP1/239(2) dose expression for plant protection products. EPPO Bull. 42,
409–415. https://doi.org/10.1111/epp.12000.
EPPO, 2016. Conclusions and recommendations plenary session. Workshop on Harmo-
nized Dose Expression for the Zonal Evaluation of Plant Protection Products in High
Growing Crops. Viena . https://www.eppo.int/MEETINGS/2016_meetings/wk_dose_
expression.
EPPO, 2021. PP1/239(3) dose expression for plant protection products. EPPO Bull. 51 (1),
10–33. https://doi.org/10.1111/epp.12704.
EPPO, (European and Mediterranean Plant Protection Organization), 2001. Report 01/
8780 of ad hoc Panel on Expression of Dose Rate Meeting. Paris, 2001-05-29 (non-
published).
EPRS (European Parliament Research Service), 2019. Farming without plant protection
products. ISBN 978-92-846-3993-9Can we Grow Without Using Herbicides, Fungi-
cides and Insecticides? https://doi.org/10.2861/05433 44p.
Escolà, A., Rosell-Polo, J.R., Gil, E., Sanz, R., Arnó, J., del-Moral-Martínez, I., Llorens, J., Masip,
J., Gregorio, E., Planas, S., 2012. Electronic canopy characterization and variable rate
application in precision fructiculture and viticulture. 1st RHEA International Confer-
ence on Robotics and Associated High-Technologies and Equipment for Agriculture,
pp. 1–6 https://doi.org/10.1017/CBO9781107415324.004.
Eurostat, 2021a. Agriculture database. https://ec.europa.eu/eurostat/web/agriculture/
data/database (accessed 11 Jan 2021).
Eurostat, 2021b. Pesticide sales. https://ec.europa.eu/eurostat/web/agriculture/data/
database (accessed 9 Jun 2021).
FAO, 2021a. FAOSTAT. Food and agriculture data. Land Use (accessed 12 Jan 2021) http://
www.fao.org/faostat/en/#data/RL.
FAO, 2021b. Statistics on pesticides trade, 1961 – 2018. http://www.fao.org/faostat/en/
#data/RT (accessed 9 Jun 2021).
Fillat, A., Planas, S., 1989. Influencia del volumen de caldo y de la dosis de materia activa
en la eficacia de los tratamientos fitosanitarios en fruticultura. Phytoma Esp. 11,
23–27.
Friessleben, R., Rosslenbroich, H.-J., Ebert, A., 2007. Dose expression in plant protection
product field testing in high crops: need for harmonization. Bayer. Pflanzenschutz-
Nachrichten 1, 85–96 60/2007.
Garcerá, C., Moltó, E., Chueca, P., 2011. Effect of spray volume of two organophosphate
pesticides on coverage and mortality of Aonidiella aurantii maskell. Crop. Prot. 30,
693–697.
Garcerá, C., Moltó, E., Zarzo, M., Chueca, P., 2012. Modelling the spray deposition and ef-
ficacy of two mineral oil-based products for the control of California red scale,
Aonidiella aurantii (Maskell). Crop. Prot. 31, 78–84.
Garcerá, C., Moltó, E., Chueca, P., 2014. Factors influencing the efficacy of two organophos-
phate insecticides in controlling California red scale, Aonidiella aurantii (Maskell). A
basis for reducing spray application volume in Mediterranean conditions. Pest
Manag. Sci. 70, 28–38.
S. Planas, C. Román, R. Sanz et al. Science of the Total Environment 806 (2022) 150357Garcerá, Cruz, Moltó, Enrique, Chueca, Patricia, 2017. Spray pesticide applications inMed-
iterranean citrus orchards: canopy deposition and off-target losses. Sci. Total Environ.
599–600, 1344–1362. https://doi.org/10.1016/j.scitotenv.2017.05.029.
Garcerá, C., Doruchowski, G., Chueca, P., 2021. Harmonization of plant protection prod-
ucts dose expression and dose adjustment for high growing 3D crops: a review.
Crop. Prot. 140, 105417. https://doi.org/10.1016/j.cropro.2020.105417.
Gil, E., 2003. Tratamientos en viña. Equipos y técnicas de aplicación. UPC, Barcelona (SP)
170pp.
Gil, E., Escolà, A., 2009. Design of a decision support method to determine volume rate for
vineyard spraying. Appl. Eng. Agric. 25, 145–151. https://doi.org/10.13031/2013.
26323.
Gil, E., Planas, S., 2003. Preliminary software to determine the optimal volume rate for
pesticide applications in vineyards.pdf. VII Workshop on Spray Application Tech-
niques in Fruit Growing. Cuneo, Italia, pp. 121–127.
Gil, E., Bernat, C., Queraltó, M., López, A., Planas, S., Rosell, J.R., Val, L., 2005. Pesticide dose
adjustment in vineyard: relationship between crop characteristics and quality of the
application. VIII Workshop Spray Appl. Tech. Fruit Grow. Barcelona, pp. 19–20.
Gil, E., Escolà, A., Rosell, J.R., Planas, S., Val, L., 2007. Variable rate application of plant pro-
tection products in vineyard using ultrasonic sensors. Crop. Prot. 26, 1287–1297.
https://doi.org/10.1016/j.cropro.2006.11.003.
Gil, E., Llorens, J., Landers, A., Llop, J., Giralt, L., 2011. Field validation of Dosaviña, a deci-
sion support system to determine the optimal volume rate for pesticide application
in vineyards. Eur. J. Agron. 35, 33–46. https://doi.org/10.1016/j.eja.2011.03.005.
Gil, E., Campos, J., Ortega, P., Llop, J., Gras, A., Armengol, E., Salcedo, R., Gallart, M., 2019.
DOSAVIÑA: tool to calculate the optimal volume rate and pesticide amount in vine-
yard spray applications based on a modified leaf wall area method. Comput. Electron.
Agric. 160, 117–130. https://doi.org/10.1016/j.compag.2019.03.018.
Hall, F.R., 1991. Influence of canopy geometry in spray deposition and IPM. HortScience
26, 1012–1017. https://doi.org/10.21273/HORTSCI.26.8.1012.
Heijne, B., Porskamp, H.A.J., 1996. Scab and mildew control with emission reducing
sprayers in apple growing. Acta Hortic. 422, 279–283. https://doi.org/10.17660/
ActaHortic.1996.422.50.
Heinzlé, Y., Codis, S., Pascal, J.N., Wisniewski, N., Crozier, P., Bidaut, F., 2010. OPTIPULVÉ
L’optimisation des doses permise par la précision d’application du pulvérisateur en
vignes étroites d’expérimentation. Phytoma 638, 1–16.
Herrera-Aguirre, E., Unrath, C.R., 1980. Chemical thinning response of ‘Delicious’ apples to
volume of applied water. HortScience 15 (1), 43–44.
Hislop, E.C., 1987. Can we define and achieve optimum pesticide deposits? Asp. Appl. Biol.
14, 153–172.
Holownicki, R., Doruchowski, G., Godyń, A., 1996. Efficient spray deposition in the orchard
using a tunnel sprayer with a new concept of air jet emission. Suprofuit, pp. 284–288.
Holterman, H.J., van de Zande, J.C., Huijsmans, J.F.M., Wenneker, M., 2016. An empirical
model based on phenological growth stage for predicting pesticide spray drift in
pome fruit orchards. Biosyst. Eng. 1–16. https://doi.org/10.1016/j.biosystemseng.
2016.08.016.
Iso, 2007. Standard 22522:2007 crop protection equipment: field measurement of spray
distribution in tree and bush crops. ISO Stand. 1–19.
Jamar, L., Mostade, O., Huyghebaert, B., Pigeon, O., Lateur, M., 2010. Comparative perfor-
mance of recycling tunnel and conventional sprayers using standard and drift-
mitigating nozzles in dwarf apple orchards. Crop. Prot. 29, 561–566. https://doi.org/
10.1016/j.cropro.2009.12.018.
Jonckheere, I., Fleck, S., Nackerts, K., Muys, B., Coppin, P., Weiss, M., Baret, F., 2004. Review
of methods for in situ leaf area index determination. Part I. Theories, sensors and
hemispherical photography. Agric. Forest Meteorol. 121, 19–35.
Koch, H., 2005. Indirect dosing: fundamental principle in pesticide application. Book of
Abstracts 8thWorkshop on Spray Application Techniques in Fruit Growing, Barcelona
(ES), pp. 27–30.
Koch, H., 2007. How to achieve conformity with the dose expression and sprayer function
in high crops. Bayer. Pflanzenschutz-Nachrich- ten 1, 71–84 60/2007.
Koch, H., Knewitz, H., 2011. Ein vorschlag zur methodischen vorgehensweise und
datenauswertung bei belagsmessungen zur untersuchung der applikationsqualität
bei der ausbringung von pflanzenschutzmitteln. J. Kult. 63, 299–303.
Koch, H., Weisser, P., 1995. Aufwandmenge und lnitialbelag am Zielobjekt - zwei
Kenngrössen für Applikation und Wirksamkeit von Pflanzenschutzmitteln.
SNachrichtenbl. Deut. Pflanzenschutzd. 47 (11), 273–278 1995, ISSN 0027-7479.
Kral, G., Hill, G., Hommes, M., Ipach, R., Koch, H., Louis, F., Strub, O., 2019. Leaf wall area
related dose within the framework of the authorisation for plant protection products
in grape vine uses. J. Kult. 71, 229–237. https://doi.org/10.5073/JfK.2019.08-09.01.
Manktelow, D.W.L., Praat, J.-P., 1997. The tree-row-volume spraying system and its po-
tential use in New Zealand. Proc. N. Z. Plant Prot. Conf. 50, 119–124. https://doi.org/
10.30843/nzpp.1997.50.11360.
Meier, U., 2001. Growth Stages of Mono-and Dicotyledonous Plants BBCH Monograph.
2nd ed. Federal Biological Research Centre for Agriculture and Forestry https://doi.
org/10.5073/bbch0515.
Michielsen, J.M., van de Zande, J., Wenneker, M., Stallinga, H., 2015. Measuring the canopy
development of fruit trees for instant spray volume adjustment. 13th Suprofruit –
Lindau (FR).
Miranda-Fuentes, A., Rodríguez-Lizana, A., Gil, E., Agüera-Vega, J., Gil-Ribes, J.A., 2015. In-
fluence of liquid-volume and airflow rates on spray application quality and homoge-
neity in super-intensive olive tree canopies. Sci. Total Environ. 537, 250–259. https://
doi.org/10.1016/j.scitotenv.2015.08.012.
Miranda-Fuentes, A., Llorens, J., Rodríguez-Lizana, A., Cuenca, A., Gil, E., Blanco-Roldán,
G.L., Gil-Ribes, J.A., 2016. Assessing the optimal liquid volume to be sprayed on iso-
lated olive trees according to their canopy volumes. Sci. Total Environ. 568,
296–305. https://doi.org/10.1016/j.scitotenv.2016.06.013.14Nishimoto, R., 2019. Global trends in the crop protection industry. J. Pestic. Sci. 44,
141–147. https://doi.org/10.1584/jpestics.D19-101.
OMAFRA (Ontario Ministry of Agriculture, Food And Rural Affairs), 2017. http://www.
omafra.gov.on.ca/english/crops/hort/news/orchnews/2017/on-0217a10.htm
(accessed 7 Dec 2020).
Pergher, G., Petris, R., 2008. Pesticide dose adjustment in vineyard spraying and potential
for dose reduction. Agric. Eng. Int. CIGR Ejournal. X 1–9.
Pergher, G., Zucchiatti, N., 2018. Influence of canopy development in the vineyard on
spray deposition from a tunnel sprayer. J. Agric. Eng. 49, 164–173. https://doi.org/
10.4081/jae.2018.801.
Pergher, G., Gubiani, R., Tonetto, G., 1997. Foliar deposition and pesticide losses from three
air-assisted sprayers in a hedgerow vineyard. Crop. Prot. 16, 25–33. https://doi.org/
10.1016/S0261-2194(96)00054-3.
Pezzi, F., Rondelli, V., 2000. The performance of an air-assisted sprayer operating in vines.
J. Agric. Eng. Res. 76, 331–340. https://doi.org/10.1006/JAER.2000.0540.
Planas, S., 2002. Pesticide application methods: reducing contamination in fruit and vine-
yard orchards in “Stakeholders Conference on the Development of Thematic Strategy
on Sustainable Use of Pesticides”. Brussels (BE) https://ec.europa.eu/environment/
archives/ppps/pdf/abstractsposters.pdf.
Planas, S., Pons, L., Fillat, A., Solanelles, F., Bosch, M., 1993. Optimized localized treatments
of grapes. 4th International Symposium on Fruit, Nut and Vegetable Production Engi-
neering, pp. 205–214.
Planas, S., Solanelles, F., Fillat, A., 2002. Assessment of recycling tunnel sprayers in Medi-
terranean vineyards and apple orchards. Biosyst. Eng. 82, 45–52. https://doi.org/10.
1006/bioe.2001.0055.
Planas, S., Gil, E., Escolà, A., Solanelles, F., 2006. DOSA, instrumento Para la optimización de
la dosis de los tratamientos fitosanitarios en cultivos arbóreos. Phytoma Esp. 182,
43–50.
Planas, S., Sanz, R., Escolà, A., Rosell-Polo, J.R., Camp, F., Solanelles, F., 2011. Dosafrut,
sistema de ajuste de dosis en tratamientos de plantaciones frutales. Phytoma Esp.
230, 58–61.. https://www.phytoma.com/images/maquinaria.pdf.
Planas, S., Camp, F., Solanelles, F., Escolà, A., Sanz, R., Rosell, J.R., 2012. DOSAFRUT www.
dosafrut.es, Pesticide dose adjustment system in intensive fruit orchards. Int. Conf.
Agric. Eng. - CIGR-AgEng. Valencia (ES).
Planas, S., Camp, F., Escolà, A., Solanelles, F., Sanz, R., Rosell-Polo, J.R., 2013. Advances in
pesticide dose adjustment in tree crops. 9th European Conference on Precision Agri-
culture, pp. 533–539 https://doi.org/10.3920/978-90-8686-778-3_65.
Planas, S., Román, C., Sanz, R., Rosell-Polo, J.R., 2016. A proposal for dose expression and
dose adjustment in the EU-Southern zone (DOSA3D system). Proc. Workshop on
Harmonized Dose Expression for the Zonal Evaluation of Plant Protection Products
in High Growing Crops. EPPO, Viena (AU) . https://www.eppo.int/media/uploaded_
images/MEETINGS/Conferences_2016/dose_expression/11_Planas.pdf.
Planas, S., Román, C., Sanz, R., Rosell-Polo, J.R., 2018. DOSA3D system for adjusting doses
in fruits and grapes orchards. Dose ExpressionWorkshop. Castelldefells (ES) . https://
uma.deab.upc.edu/ca/dose-expression-workshop-presentations-1/7-nov-6-dosa3d-
system-for-adjusting-doses-in-fruits-and-grapes-orchards_s-planas.pdf/view.
Planas, S., Porta, J., Campos, J.M., Fibla, J.M., Martínez-Ferrer, M.T., 2019. Dose adjustment
in citrus and olive orchards: two-year validation of the DOSA3D system. Suprofruit.
East Malling (UK), pp. 67–68.
Rinaldi, M., Llorens, J., Gil, E., 2013. Electronic characterization of the phenological stages
of grapevine using a LIDAR sensor. 9th European Conference on Precision Agriculture,
pp. 603–609 https://doi.org/10.3920/978-90-8686-778-3_74.
Román, C., Planas, S., 2018. Adjusted dose treatments through PCD vigour maps in
vineyards. Asp. Appl. Biol. Int. Adv. Pestic. Appl. 137, 385–392.
Román, C., Llorens, J., Planas, S., 2019. Evaluation of sprayers used for regulatory efficacy
assessment trials. Suprofruit. East Malling (UK).
Román, C., Llorens, J., Uribeetxebarria, A., Sanz, R., Planas, S., Arnó, J., 2020. Spatially vari-
able pesticide application in vineyards: part II, field comparison of uniform and map-
based variable dose treatments. Biosyst. Eng. 195, 42–53. https://doi.org/10.1016/j.
biosystemseng.2020.04.013.
Román, C., Arnó, J., Planas, S., 2021. Map-based zonal dosage strategy to control yellow
spider mite (Eotetranychus carpini) and leafhoppers (Empoasca vitis & Jacobiasca
lybica) in vineyards. Crop. Prot. 147, 105690. https://doi.org/10.1016/j.cropro.2021.
105690.
Rosell-Polo, J.R., Llorens, J., Sanz, R., Arnó, J., Ribes-Dasi, M., Masip, J., Escolà, A., Camp, F.,
Solanelles, F., Gracia, F., Gil, E., Val, L., Planas, S., Palacín, J., 2009a. Obtaining the
three-dimensional structure of tree orchards from remote 2D terrestrial LIDAR scan-
ning. Agric. For. Meteorol. 149, 1505–1515. https://doi.org/10.1016/j.agrformet.2009.
04.008.
Rosell-Polo, J.R., Sanz, R., Llorens, J., Arnó, J., Escolà, A., Ribes-Dasi, M., Masip, J., Camp, F.,
Gracia, F., Solanelles, F., Pallejà, T., Val, L., Planas, S., Gil, E., Palacín, J., 2009b. A
tractor-mounted scanning LIDAR for the non-destructive measurement of vegetative
volume and surface area of tree-row plantations: a comparison with conventional
destructive measurements. Biosyst. Eng. 102, 128–134. https://doi.org/10.1016/j.
biosystemseng.2008.10.009.
Rüegg, H.J., Viret, O., 1999b. Determination of the tree row volume in stone-fruit orchards
as a tool for adapting the spray dosage. OEPP/EPPO Bull. 29, 95–101.
Rüegg, H.J., Viret, O., Raisigl, U., 1999a. Adaptation of spray dosage in stone-fruit orchards
on the basis of tree row volume. OEPP/EPPO Bull. 29, 103–110.
Rüegg, J., Siegfried,W., Raisigl, U., Viret, O., Steffek, R., Reisenzein, H., Persen, U., 2001. Reg-
istration of plant protection products in EPPO countries: Current status and possible
approaches to harmonization. EPPO Bull. 31, 143–152. https://doi.org/10.1111/j.
1365-2338.2001.tb00983.x.
Russell, P.E., 2004. Recommended pesticide dose rates: how low can you go? Outlooks
Pest Manag. 15, 242–243. https://doi.org/10.1564/15dec01.
S. Planas, C. Román, R. Sanz et al. Science of the Total Environment 806 (2022) 150357Sanz, R., Llorens, J., Ribes, M., Masip, J., Arnó, J., Vallés, J.M., Escolà, A., Massana, P., Camp, F.,
Palacín, J., Solanelles, F., Gil, E., Planas, S., Val, L., Rosell, J.R., 2005. First results of a non-
destructive LIDAR system for the characterization of tree crops as a support for the
optimization of pesticide treatments. VIII Workshop on Spray Application Techniques
in Fruit Growing. Barcelona (ES), pp. 121–128.
Sanz, R., Llorens, J., Escolà, A., Arnó, J., Ribes, M., Masip, J., Camp, F., Gracia, F., Solanelles, F.,
Planas, S., Pallejà, T., Palacin, J., Gregorio, E., Del-Moral-Martínez, I., Rosell-Polo, J.R.,
2011. Innovative LIDAR 3D dynamic measurement system to estimate fruit-tree
leaf area. Sensors 11, 5769–5791. https://doi.org/10.3390/s110605769.
Sanz, R., Rosell, J.R., Llorens, J., Gil, E., Planas, S., 2013. Relationship between tree row
LIDAR-volume and leaf area density for fruit orchards and vineyards obtained with
a LIDAR 3D Dynamic Measurement System. Agric. For. Meteorol. 171–172,
153–162. https://doi.org/10.1016/j.agrformet.2012.11.013.
Sanz, R., Llorens, J., Escolà, A., Arnó, J., Planas, S., Román, C., Rosell-Polo, J.R., 2018. LIDAR
and non-LIDAR-based canopy parameters to estimate the leaf area in fruit trees and
vineyard. Agric. For. Meteorol. 260–261. https://doi.org/10.1016/j.agrformet.2018.
06.017.
Sedlar, A.D., Bugarin, R.M., Nuyttens, D., Turan, J.J., Zoranovic, M.S., Ponjican, O.O., Janic,
T.V., 2013. Quality and efficiency of apple orchard protection affected by sprayer
type and application rate. Span. J. Agric. Res. 11, 935. https://doi.org/10.5424/sjar/
2013114-3746.
Siegfried, W., Holliger, E., Raisigl, U., 1995. A new method for determining the spray vol-
ume and product dosage for orchard spraying. Schweiz. Z. Obst Weinbau 6, 144–147
(in German; English version in EPPO Document 97/6325).
Siegfried, W., Viret, O., Huber, B., Wohlhauser, R., 2007. Dosage of plant protection prod-
ucts adapted to leaf area index in viticulture. Crop. Prot. 26, 73–82. https://doi.org/10.
1016/j.cropro.2006.04.002.
Sinha, R., Ranjan, R., Khot, L.R., Hoheisel, G.-A., Grieshop, M.J., 2020. Comparison of within
canopy deposition for a solid set canopy delivery system (SSCDS) and an axial–fan
airblast sprayer in a vineyard. Crop. Prot. 132, 105124. https://doi.org/10.1016/j.
cropro.2020.105124.
Solanelles, F., Escolà, A., Camp, F., Planas, S., Gracia, F., Rosell, J.R., Val, L., Gil, E., 2004. Pes-
ticide dose adjustment in fruit crops in Spain, first results. International Conference
“Environmental Friendly Spray Application Techniques.” Warsaw (PO), pp. 37–38.
Solanelles, F., Camp, F., Gracia, F., Fillat, A., Planas, S., 2013. Reducing pesticide residues in
fruit crops by means of improving spray application techniques. Suprofruit. Valencia
(ES), pp. 39–41.
Sutton, T.B., Unrath, C.R., 1984. Evaluation of the tree-row-volume concept with density
adjustments in relation to spray deposits in apple orchards. Plant Dis. 68, 480.
https://doi.org/10.1094/pd-69-480.
Sutton, T.B., Unrath, C.R., 1988. Evaluation of the tree-row-volume model for full-season
pesticide application on apples. Plant Dis. 72, 629–632. https://doi.org/10.1094/PD-
72-0629.
Tadić, V., Marković, M., Plaščak, I., Stošić, M., Čačić, J.L., Vujčić, B., 2014. Impact of technical
spraying factors on leaf area coverage in an apple orchard. Teh. Vjesn. 21 (5),
1117–1124.
Tamagnone, M., Balsari, P., Bozzer, C., 2013. Performance evaluation of recycling sprayer
in vineyard. Acta Hortic. 978, 199–204. https://doi.org/10.17660/ActaHortic.2013.
978.21.
Toews, R.B., Friessleben, R., 2012. Dose rate expression—need for harmonization and con-
sequences of the leaf wall area approach. Erwerbs-Obstbau 54, 49–53. https://doi.
org/10.1007/s10341-012-0161-z.
Travis, J.W., 1981. Factors affecting pesticide distribution in apple trees. Ph.D. thesis, N.C.
State Univ., Raleigh. 72 pp. cited in Sutton, T.B., Unrath, C.R., 1984. Evaluation of the
tree-row-volume concept with density adjustments in relation to spray deposits in
apple orchards. Plant Dis. 68, 480. https://doi.org/10.1094/pd-69-480.
Verpont, F., 2017. Pulvarbo: a French project to improve spray application in fruit grow-
ing. 14th Workshop on Spray Application in Fruit Growing. Suprofruit Hasselt, (BE)
, pp. 28–29.. https://www.pcfruit.be/sites/default/files/verpont_pulvarbo_a_french_
project_to_improve_spray_application_in_fruit_growing.pdf.
Verpont, F., 2021. PulvArbo. Mise en oeuvre d'une adaptation de la dose en vergers de
pommiers. Centre Technique Interprofessionnel des Fruits et Légumes (CTIFL), p. 49.
Viret, O., Rüegg, H.J., Siegfried,W., Holliger, E., Raisigl, U., 1999. Pulvérisation en arboricul-
ture. Adaptation de la dose de produits phytosanitaires et de la quantité d’eau au vol-
ume des arbres fruitiers à pépins et à noyaux. Rev. Suisse Vitic. Arboric. Hortic. 31
(31), 1–12.15Viret, O., Siegfried, W., Holliger, E., Raisigl, U., 2003. Comparison of spray deposits and efficacy
against powdery mildew of aerial and ground-based spraying equipment in viticulture.
Crop. Prot. 22, 1023–1032. https://doi.org/10.1016/S0261-2194(03)00119-4.
Viret, O., Siegfried, W., Wohlhauser, R., 2005a. Crop adapted spraying in viticulture. Leaf
volume dependant pesticide dosage for a precise and ecological application. VIII
Work. Spray Appl. Tech. Fruit Grow. Suprofruit. Barcelona (ES).
Viret, O., Werner, S., Wohlhauser, R., Raisigl, U., 2005b. Dosage des fongicides en fonction
du volume foliaire de la vigne. Rev. Suisse Vitic. Arboric. Hortic. 37 (1), 59–62.
Viret, O., Siegfried, W., Bloesch, B., Taillens, J., Mittaz, C., 2007. Dosage des fongicides
adaptés à la surface foliaire: résultats en 2006. Rev. Suisse Vitic. Arboric. Hortic. 39,
65–70.
Viret, O., Dubuis, P.-H., Bloesch, B., Fabre, A.-L., Dupuis, D., 2010. Dosage des fongicides
adapté à la surface foliaire en viticulture : efficacité de la lutte. Rev. Suisse Vitic.
Arboric. Hortic. 42, 226–233.
Viret, O., Dubuis, P.H., Fabre, A.L., Bloesch, B., Siegfried, W., Naef, A., Hubert, M., Bleyer, G.,
Kassemeyer, H.H., Breuer, M., Krause, R., 2011. www.agrometeo.ch: an interactive
platform for a better management of grapevine diseases and pests. Integrated Protec-
tion and Production in Viticulture IOBC/ Wprs Bulletin, pp. 85–91.
Walklate, P.J., Cross, J.V., 2012. An examination of leaf-wall-area dose expression. Crop.
Prot. 35, 132–134. https://doi.org/10.1016/j.cropro.2011.08.018.
Walklate, P.J., Cross, J.V., 2013. Regulated dose adjustment of commercial orchard
spraying products. Crop. Prot. 54, 65–73. https://doi.org/10.1016/j.cropro.2013.07.
019.
Walklate, P.J., Cross, J.V., 2014. Orchard growth modelling for Pesticide Adjustment to the
Crop Environment (PACE). Aspects of Applied Biology, International Advances in Pes-
ticide Applications, pp. 17–24.
Walklate, P.J., Richardson, G.M., Cross, J.V., Murray, R.A., 2000. Relationship between or-
chard tree crop structure and performance characteristics of an axial fan sprayer.
In: Cross (Ed.), Pesticide Application. Aspects of Applied Biology57, pp. 285–292.
Walklate, P.J., Cross, J.V., Richardson, G.M., Murray, R.A., Baker, D.E., 2002. Comparison of
different spray volume deposition models using LIDAR measurements of apple or-
chards. Biosyst. Eng. 82 (3), 253–267. https://doi.org/10.1006/bioe.2002.0082.
Walklate, P.J., Cross, J.V., Richardson, G.M., Baker, D.E., Murray, R.A., 2003. A generic
method of pesticide dose expression: application to broadcast spraying of apple
trees. Ann. Appl. Biol. 143, 11–23. https://doi.org/10.1111/j.1744-7348.2003.
tb00264.x.
Walklate, P.J., Cross, J.V., Richardson, G.M., Baker, D.E., 2006. Optimising the adjustment of
label-recommended dose rate for orchard spraying. Crop. Prot. 25, 1080–1086.
Walklate, P.J., Cross, J.V., Harris, A.L., Richards, G.M., 2008. Results of the UK PACE project
on orchard spraying. Asp. Appl. Biol. 84, 403–410.
Walklate, P.J., Cross, J.V., Pergher, G., 2011. Support system for efficient dosage of orchard
and vineyard spraying products. Comput. Electron. Agric. 75, 355–362. https://doi.
org/10.1016/j.compag.2010.12.015.
Weisser, P., Koch, H., 2002. Expression of dose rate with respect to orchard sprayer func-
tion. Asp. Appl. Biol. Int. Adv. Pestic. Appl. 66, 353–358.
Wenneker, M., van de Zande, J.C., Stallinga, H., Michielsen, J.M.P.G., van Velde, P.,
Nieuwenhuizen, A.T., 2014. Emission reduction in orchards by improved spray depo-
sition and increased spray drift reduction of multiple row sprayers. Asp. Appl. Biol.
Int. Adv. Pestic. Appl. 122, 195–202.
Wenneker, M., Michielsen, J.M.G.P., Stallinga, H., van Velde, P., van Dalfsen, P., van de
Zande, J.C., 2017. Improving spray deposition in orchard spraying by a Munchof mul-
tiple row sprayer. 14th Workshop on Spray Application in Fruit Growing. SuproFruit.
Hasselt (BE), pp. 25–26.
Wenneker, M., van de Zande, J.C., Michielsen, J.M.G.P., Stallinga, H., van Dalfsen, P., van
Velde, P., 2018. Improvement of spray deposition in orchard spraying using a multi-
ple row tunnel sprayer. Asp. Appl. Biol. Int. Adv. Pestic. Appl. 137, 101–108.
Wicks, T.J., Nitschke, L.F., 1986. Control of apple diseases and pests with low spray vol-
umes and reduced chemical rates. Crop. Prot. 5, 283–287. https://doi.org/10.1016/
0261-2194(86)90064-5.
Wohlhauser, R., 2011. Dose rate expression in tree fruits – the need for a harmonized ap-
proach from an industry perspective. 11th Suprofruit. Bergerac (FR).
Zande van de, J.C., Michielsen, J.M.G.P., Stallinga, H., van Dalfsen, P., Wenneker, M., 2018.
Effect of air distribution and spray liquid distribution of a cross-flow fan orchard
sprayer on spray deposition in fruit trees. 7th European Workshop on Standardised
Procedure for the Inspection of Sprayers. SPISE. Athens (GR), pp. 186–196.
